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Platensimycin/platencin are recently discovered natural predinat inhibit
membrane formation in bacteria and cyclic diguanylic acid @MP) is a master
regulator of bacterial biofilm formation. The rise of bacteauatibiotic resistance and the
dwindling pipeline of new antibiotics make these molecules of irtéoethe scientific
community. This dissertation reports the design, synthesis amfyigial evaluation of
analogs of platensimycin/platencin and c-di-GMP.

Platensimycin and platencin have garnered interest from synthetigists due to
the complexity of their molecular architecture, coupled with tlegiiting biological
profile (inhibition of bacterial fatty acid synthases). We haleveloped a concise
synthetic approach towards the platensimycin/platencin claastibiotics. The highlight
of our synthesis is the use of dynamic ring-closing metathesisrepare a bicyclo

intermediate and a tandem nucleophilic addition of organolithium taanéemoiety,



followed by a subsequent ring opening of a nearby epoxide to germeraplex tricyclic
framework.

The synthesis of platensimycin or closely related analogsires multi-steps
(average of 17 overall steps). Using a function-oriented synthetic apprea developed
short syntheses oN,N-dialkyl benzoic acid derivatives of platensimycin, and we
demonstrate that these readily prepared molecules have comrtibietic properties
to the difficult-to-synthesize platensimycin/platencin.

C-di-GMP has been dubbed the master regulator of bacteriaityliéé due to the
key role that this molecule plays in bacterial biofilm formatwonl virulence formation.
In order to study c-di-GMP signaling in bacteria, with themdtie goal of using key
insights gained from such studies to develop anti-biofilm or antienad agents, we
prepared analogs of c-di-GMP and studied their biophysical and lmalogrofiles.
Interestingly, we reveal that conservative modifications th-GMP affect both the
biophysical and biochemical properties of this molecule. We alsomk&nate a concept
called “conformational steering” as a powerful principle tcestlely target different

classes of receptor proteins that bind to c-di-GMP.
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Chapter 1. Introduction

1.1 Bacterial antibiotic resistance problem
(The majority of this section was published in ref [1].)

The discovery of several antibiotics between the 1930s and 1960s Kectve
management of previously lethal bacterial infections [2,3]. $éVethal epidemic
diseases, caused by bacteria, were even considered extinct arounith 1198Qvestern
world (e.g. bubonic plague [4]). This success story did not last longgaamdmulti-drug
resistant bacteria (the so-called superbugs) emerged in haogaits. It is hypothesized
that the indiscriminate use of antibiotics in both hospitals gné]animal farms [7] and
pollution of the environment with antibiotics, which are added to géreusehold
products [8], contribute the rise of antibiotic resistance in bacteria.

Modern use of antibiotics probably began with the administration afreutfides
(e.g. prontosil, compound-1 in Figure 1-1) and penicillins (e.g. penicillin G,
compound 1-2) to patients. Penicillin was once called the “magic drug”, &nd
contributed to reducing the number of deaths among soldiers in Worldl Wdro were
infected with Streptococcus pneumoni®]. After early resistance to penicillin was
observed [10-12], a new generation ®factam antibiotics, such as methicill{ti—3),
cephalothin(1-4) and imipenem(1-5), were developed [13]. In 1964, a methicillin-
resistant strain ofS. aureus(MRSA) was isolated [14,15]. Sooner thereafter, other
bacterial strains that were resistant to various antibiaigs,streptomycin [16,1{]L-8),
chloramphenicol [18[{1-9) and tetracycline [19,2Q]JL—6) were also identified. It is now

widely recognized that bacteria can develop resistance to almost dngtemt



Table 1-1 lists several classical antibiotics and showcases theityeweérthe
antibiotic resistance issue. With the exception of few antibicgigs vancomyciiil—14)
bacteria developed resistance to most antibiotics within 15 géarstheir first clinical
use. In the case of vancomycin [21], it took almost three decafter the drug was first
introduced into the US market, for scientists to observe the enwergenresistant
bacteria strainsligble 1-1, Entry 7).

In the last few decades, scientists have put tremendoussefftrresearching the
mechanisms of antibiotic resistance. The three main stratdgieare used by bacteria to
develop resistance to antibiotics are:

1) Overexpression of enzymes that can modify the antibiotic to maless
effective.

2) Mutation of the antibiotic target site so that the targej. (enzymes) can
maintain its function but not bind to the antibiotic.

3) Export of the antibiotic to the extracellular media by mulgdresistant (MDR)

efflux pumps or loss of porin channels resulting in lower permeability of the @tittibi



Table 1-1 Structural classes, modes of action and antibiotic resistance mechahssiested antibiotics

Year resistance

D]

3]

J

Entry Antibiotics Structural class . Year Target process observed in
introduced hospital
1 Prontosil ¢-1) sulfonamides 1935 Inhibition of DNA/RNA synthesis (binds to dihydnaatel 1943[22]
synthase )
2 Penicillin G (-2) f-lactams 1943 Inhibition of cell wall synthesis (binds to transpeptidase) 1945[11,1
3 Streptomycin {-8) | aminoglyco- 1943 Inhibition of protein synthesis (binds to the 16S site of 30S rRNA) 1945[16]
sides
4 Chloramphenicol | amphenicols 1947 Inhibition of protein synthesis (binds to the 23S site of 5F§ rR1950[18]
(1-9
5 Tetracycline1-6) | tetracycline 1948 Inhibition of protein synthesis (binds to the 169fs88S rRNA) | 1963[19,20]
6 Erythromycin {-7) | macrolides 1952 Inhibition of protein synthesis (binds to the 23S H@OfRNA) | 1956[23]
7 Vancomycin {-14) | glycopeptides 1956 Inhibition of cell wall synthesis (binds to DHBdAla terminus of| 1984[21]
the peptidoglycan)
3 Polymyxin B polypeptides 1960s Disrupt outer and inner membranes (binds to lipopolysaechar1975[24]
(1-17
9 Methicillin (1-3) S-lactams 1960 Inhibition of cell wall synthesis (binds to transpeptidase) 1964[14,1
10 Ciprofloxacin guinolones 1987 Inhibition of DNA replication (binds to bacterial DNA gyrase) 1990[25,26]
(1-13
11 | Cephalothin 1-4) S-lactams 1964 Inhibition of cell wall synthesis (binds to transpeptidase) 1965[27]
12 Rifampicin -12) | rifamycins 1967 Inhibition of RNA synthesis (binds to RNA polymerage| 1968[28,29]
subunit)
13 | Clindamycin {-1€) | lincosamides 1969 Inhibition of protein synthesis (binds to the 23S &GSaRNA) | 1970[30,31]
14 | Imipenem (-5) S-lactams 1985 Inhibition of cell wall synthesis (binds to transpeptidase) 1988[32,3
15 Quinupristin/ streptogramin 1999 Inhibition of protein synthesis (binds to the 23S site of 50S rRNA) 1999[34,3
dalfopristin (-11)
16 | Linezolid (-1C) oxazolidinones 2000 Inhibition of protein synthesis (binds to the 23S $GSafRNA) | 2001[36,37]
17 | Daptomycin1-15) | lipopeptides 2003 Depolarization of bacterial membrane 2005[38]

[a] Other quinolones were discovered in the 1960’s; [b] othertetyegmin antibiotics were developed prior to this year includirgjniamycin
and pristinamycin.
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Figure 1-1 Chemical structures of antibiotics

S-Lactam drugs such as penicillin Gidure 1-1, compoundl—2), methicillin (1—
3), cephalothin 1-4) and imipenem1-5 are mainly inactivated via the overexpression
of p-lactamases, which hydrolyze the antibiotics [39]. For an kexdeteview on the
mechanism of action of-lactamases, see ref [40]. Resistancefdactams viag-
lactamase-mediated hydrolysis can be minimized whepi-thetam antibiotic is used in

combination withp-lactamase inhibitors such as clavulanic acid [41], tazobactaraf4?]



sulbactam [43]. Both clavulanic acid and sulbactam irreversiblytiuade f-lactamases
[41,44]. Unfortunately there are documented cases where some lastraiizss have
been shown to be resistant to thgdactamase inhibitors — a very worrisome scenario
[45,46).

Another antibiotic class, aminoglycosides, including streptomyt#8,( Figure
1-1) and tobramycin, can inhibit bacterial ribosome function and hence ingndd#in
synthesis [47,48]. Aminoglycosides are rendered ineffective by rimctea the
overexpression of antibiotic-modifying enzymes, such as nucleotidgferase or
phosphotransferase, which transfer a monophosphate moiety from ATB/dooayl on
the ring of an aminoglycoside [49]. Other aminoglycoside modifymaymes include\-
acetyltransferases ar@-adenyltransferases. These two enzymes catalyze acetyl CoA
dependent acetylation of the amino functionality8) and ATP-dependent adenylation
of the hydroxyl group(1-8) respectively [49]. Other protein synthesis inhibitor
antibiotics, such as the streptogramins and oxazolidinones (e.g. lineaskdmade
ineffective via the modification of the 23S site of 50S ribosomal RNA in bad&0,51].

Bacteria can also use multiple pathways to inactivate abi@id. For example,
resistance to vancomyc{i—14)can occur via thickening of the bacterial cell wall [52],
changing the peptidoglycan precursor [53,54] or expression of an ‘abhéigasé¢ that
makes the unusual Ala-lactate peptide bond [55,56].

Efflux pump proteins such as AcrA and AcrB i coli [57,58], the MexA-
MexB-OprM systems inP. aeruginosa[59,60] and NorA inS. aureus[61] export
antibiotics out of bacterial cells, thereby raising the MICin{mum inhibitory

concentration) values of antibiotics. Proton motive force inhibitocgonmonly referred



to as energy uncoupler), carbonyl cyanmehlorophenylhydrazone (CCCP) [62,63] and
MDR (multidrug-resistant) efflux pump inhibitors e.g. L-phengtahe-L-arginines-
naphthylamide dihydrochloride (PBAID) [64,65], reserpine [66,67], biricodar [68] and
timcodar [68] have been shown to potentiate the antibiotic activitgookentional
antibiotics. The widespread use of MDR efflux inhibitors as contioimaherapeutics is
probably not as popular as the usg-ddéictamase inhibitors, due to the dearth of effective
but non-toxic bacterial MDR efflux pump inhibitors.

After years of the development of second- and third-generatidnaias, which
ultimately suffered from bacterial resistance, two newgslrwere introduced at the
beginning of the new millennium: daptomycin (compodrd5 Figure 1-1) [69,70] and
linezolid (1-10 [71,72]. Linezolid (1-10)is a synthetic oxazolidinone antibiotic, which
was initially effective against vancomycin-resist&mterococci(VRE) and MRSA [72].
Linezolid inhibits protein synthesis by binding to the 23S site ob0f ribosome RNA
[73]. Although its action is similar to the macrolides and amphenicols, no crossines
was observed [71]. Regretfully, linezolid resistance was regpart VRE and MRSA
only a few years after it was introduced [36,74]. Daptomy@d@rl5) a natural
lipopeptide antibiotic, was also introduced in the early 21st cenRaptomycin kills
bacteria via a novel mode of action involving binding to the bacterlblwadl and
depolarizing the cell membrane [75]. Again, the early excitemegiarding daptomycin’s
ability to kil MRSA and VRE was diminished upon the identificatioh strains of
MRSA and VRE that were resistant to daptomydnl5)[76,77]. Only a handful of
antibiotics have been approved by the United States FDA forallinge in the past few

years (sedable 1-2 andFigure 1-2 [78-84]. Worryingly, these newer antibiotics (with



the exception of retapamulin) are merely derivatives of oldeergéion antibiotics. Since
the newer antibiotics are acting on the same targets, widaeb been shown to be
evolvable, it would be naive to think that the newly introduced antilsiotitl not
ultimately suffer from bacterial resistance.

Retapamulin (compountl-21, Figure 1-2, introduced in 2007, belongs to a new
class of antibiotics called pleuromutilins. It inhibits proteiodynthesis by binding to the
peptidyl transferase center of the 23S ribosomal RNA, which @tddcon the 50S
subunit and, thus, prevents peptide bond formation [85,86]. Retapg@ih) may also
destabilize transfer RNA in the P-site of the 50S subunit [86]. ddew bacteria have
shown in the past that ribosomal targets can be modified in ordérdgade antibiotic
inhibition, and there is no reason to suggest that the 50S ribosome RNA is not evolvable.

The previous discussion highlights an unsavory truth: we are in a-eeg#gy
battle against pathogenic bacteria. The ability of bacteriantb geveral pathways to
render a bacteriocidal or bacteriostatic antibiotic ineffectocipled with the lack of
newer druggable targets in bacteria and the paucity of new structusasct#santibiotics,
implies that there might be a need for a paradigm shift insttegegies used to treat

bacterial infections.
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Table 1-2.New antibiotics approved between 2004—2009 [78-84].

Antibiotic

Structural class
(lead compound

Year Introduced
into US market

Target process

Indication

Telithromycin macrolides 2004 inhibition of protein synthesisbronchitis, sinusitis, pneumoni
(1-18 (erythromycin) (binds to 50S rRNA) etc.
e rifamycins inhibition of DNA-dependent travelers’ diarrhea,
Rifaximin (1-19 (rifampicin) 2004 RNA synthesis gastrointestinal infections etc.
. . B tetracyclines inhibition of protein synthesisskin and soft tissue infections
Tigecycline (-23 (tetracycline) 2005 (binds to 30S rRNA) etc.
. 3 p-lactams inhibition of cell wall synthesis intra-abdominal, urinary tract
Doripenem {-20) (imipenem) 2007 (binds to transpeptidase) infections etc.
. T3 macrolides inhibition of protein synthesis . o
Azithromycirt (erythromycin) 2007 (binds to 50S rRNA) conjunctivitis etc.
oy pleuromutilin inhibition of protein synthesis. ,
Retapamulin1-21) 2007 (binds to 50S rRNA) impetigo etc.
I p-lactams inhibition of cell wall synthesis —_ iy
Amoxicillin (penicillin) 2008 (binds to transpeptidase) tonsillitis, pharyngitis etc.
. — quinolones inhibition of DNA replication , o
Besifloxacin (-22 (ciprofloxacin) 2009 (binds to bacterial DNA gyrasc—:)conJunCtIVItIS etc.
glycopeptides inhibition of cell wall synthesis
Telavancin (-24 (vancomycin) 2009 and depolarization of bacterigkkin infections etc.

membrane

[a] These antibiotics were already in the market but were reintroducaedvioindications.




1.2 Fatty acid biosynthesis — untapped opportunities to develop novel antibics
1.2.1 Introduction of fatty acid biosynthesis and its inhibition

Fatty acids play a key role in bacterial cellular structures and éumscti herefore,
fatty acid synthases (FAS) are considered promising tafgetee development of new
antibiotics to resolve the rising drug resistant problem [87-91].

Fatty acids are key components of phospholipid and lipid A, important
components of cell envelope in Gram-positive (8.caureusand Gram-negative (e.B.
coli) bacteria. Phospholipid=igure 1-3b) is the major constituent of cellular membrane
of almost all bacteria strains [92], whereas lipid A is mostiynd in Gram-negative
bacteria [93]. Unlike the cell wall of Gram-positive bacteRmy(re 1-3g, which mainly
consists of peptidoglycan and teichoic acids, the cell wall aim@negative bacteria have
a second membrane which contains lipopolysaccharides and lipopréigiase 1-30;
and this lipid component is termed lipid Rigure 1-3d. Among all the bacteria strains,
the fatty acid biosynthesis &. coli is the most extensively studied, and the biosynthesis
pathways in this organism are summarize8cheme 1-1

The cell envelope (i.e. the cell membrane and cell wal).dtiberculosigMTB)
is distinct from either typical Gram-positive or -negative bazté-igure 1-3d. MTB
infections are difficult to treat, and the World Health Orgamrareported in 2010 that
there are still about two billion people in the world who carry Mar8l that more than
two million people die from MTB infections each year in the W@€4,95]. This makes
MTB the number one killer bacteria in the world. Fatty acids maké approximately

60 % of the dry weight of a MTB bacterium. Among the MTB faityds, long-chain
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mycolic acid (e.ga-mycolic acid,Figure 1-3f), which is unique to MTB, is one of the
best studied. The biosynthesisoafycolic acid is well characterize&¢heme 1-p

In summary, the inhibition of fatty acid synthesis will disrupttbaal cell
envelope formation and function. The intermediates in the fatty biddynthesis
pathways are also used in cellular regulation and metabolisnex@aanple, in quorum
sensing (bacterial communication) ¥f fisheri the signal molecule (acyl homoserine
lactone) is synthesized from hexanoyl-ACP (ACP = acyl eapiotein) [96]. Also, lipid
A in Gram-negative bacteria pathogens is not only used as a sbhi¢he texternal
chemical insult, but is also responsible for the toxic syndronmeciassd with bacterial
infection by inhibiting the activation of human immune system [97].

The next section will focus on the mechanisms of the fatty aoglbihesis irkE.
coli and mycolic acid biosynthesis in MTB. Some mechanisms €kggation steps) of
FAS enzymes for many other bacteria strains (e.g. Gramyaob#cteria) are expected

to be similar to these two strains.
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(source: National Institute of Allergy and Infect®oDiseaseg, ref [98]and[100]).
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Fatty acid biosynthesis can be classified into two categatype | and type I,
according to their genetic features. Type | fatty acid syrghess mainly been found in
eukaryotes (e.g. mammal, bird and yeast cell) and very ramelyrokaryotes (e.g.
mycobacteriecell). Type Il fatty acid synthesis is mainly found in prokdes (bacteria)
and some plants [101]. Type | FAS in most eukaryotes are encodauklsingle gene,
and the substrate does not fall off the multifunctional enzyme bedfgméhesis is
completed [102,103]. For example, the whole metabolic pathway for maghagrbon
fatty acids in yeast is carried out by a 2.6 MDa fatty agithase, which contains eight
different active sites for catalysis [104]. On the other handF#&® enzymes of most
prokaryotes are encoded by discrete genes, and these enzymes belond.to type

MTB has both type | and type Il FAS. During the biosynthesis ydtatic acid,
type | FAS first synthesizes a 20-carbon fatty acid, and them lyFAS takes this 20-
carbon substrate and continues with the synthesis of mycolicGahére 1-

Generally speaking, type | FAS is more efficient than typanit] the products of
type | are less diverse than type Il [105,106]. Type Il FAS can peogtadous chain
lengths, unsaturated chains, branch chains, cyclic chains and \ydttyxacids [107].
Type | FAS (mostly in eukaryotes), on the other hand, usually onhjupes saturated,
straight chain 16-carbon palmitic acid [105]. Despite the fact that thralbaechitectures
of type | and Il FAS enzymes are different, the catalytichmaisms for the enzymatic
reactions or the active site architectures of the enzymesirailar. Consequently, some
small molecules can inhibit both type | and Il FAS enzymes. ample, cerulenin is a

potent inhibitor of bacterial type Il FAS and can also inhibit tygeAS enzymes in
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mammals [108].Cerulenin is a transition-state mimetic ataisd to FAS enzymes via
a covalent linkage [109,110].

Some amino acid sequences of type Il FAS enzymes are highlgreeds For
example, the His-His-Cys catalytic triad is present irofathe condensing enzymes that
are involved in the elongation steps (FabF and FabB) [111]. The conserehthe His-
His-Cys catalytic triad in most FAS elongation enzymes pites& good opportunity to

design small molecules that could inhibit FAS in diverse bacteria.

1.2.2 Modes of action of type Il fatty acid biosyntheses

Bacterial fatty acid biosynthesis has three modules: itiatelongation and
termination Scheme 1-loutlines the fatty acid biosynthesis i coli). It should be
pointed out that in most bacteria, the strategies and/or meclsang&d to elongate fatty
acids are similar to those usedBn coli, although alternative mechanisms may exist in

some bacteria.
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intermediate in the elongation cycle is transferred to the termination gatbvproduce phospholipid or lipid A.

15



s 0 0 cyclopropanase 0 0 c
~ _— _ACP
Y coA SR g ACP WW%

° FAS-II [int 4] monomycolate [int 5]
FAS-I repeat steps d-g ATP
pathway (¢] FadD32 '
10 ACP + PPi
s N2 Z _ACP
ST CoA 17 S 0 0“ e
° S FAS-II-B 7 s Pks13
YY) ACe repeat steps a-c | pPB [ PPB
0 O
~ a.FabH (KAS) 0
CoA, CO, g0 ACP SH SH St o
17 s’ 1
BN \ X CoA
17 ACP T T Recurring elongation S
FAS-II-A < O O [int3] T (repeat steps d-g) CoO
steps a-c . Pks13 Pks13 Pks13
b. MabA (kR) [ VADPH +H N S-ACP
| NADPH" A ¢ el atleraliel [eealladlerelie]  [erElslatlerelie
[0}
\c. dehydrase/ 9. InhA (ER) NADH* SH SH
isomerase (HD) y~ H,0 -In| .
NADH + H .
19 o FAS-II 9 7T’
\(\/)1/7\/\[( “ACP steps d-g MS_ACP 2H* CO,
B
0 o
HO\n/\n/S ACP
d. KasA or 0 O H,0
KasB (KAS) f. dehydrase/
ACP,CO, € MabA (KR) isomerase (HD)
NADPH + H*
MS—ACP *, MS—ACP ‘
O O NADPH* OH O

a-mycolic acid

Scheme 1-2Biosynthesis ofi-mycolic acid. Co-existance of type | and type Il FAS systerbacteria is very rarely observed but
occurs in mycobacteria. A 20-carbon long CoA thioester, synthesized byFy& dystem, is further extended by type Il FAS to give
an unsaturated 22-carbon CoA thioestetr ). Subsequent elongations (recurring) then afford bis-alkehd); which is then acted
upon by cyclopropanase to give monomycolaté ). Monomycolate ifit 5) is modified by FadD32 and a multidomain protein
Pks13 to furnish the final produetmycolic acid [112].

16



In E. coli, the initiation phase of fatty acid synthesis starts withctimesersion of
acetyl-CoA into malonyl-CoA, catalyzed by acetyl-CoA carbasgks (ACC). The ACC
reaction requires four discrete enzymes, AccA, AccB, AccC ammDAand the overall
reaction is a biotin-dependent carboxylation of acetyl-CoA to foatonyl-CoA [113].
MTB has a similar initiation phase (not shownSaheme 1-P ACC is considered to be
a promising target for antibiotic discovery. For example, NCI-65828Figure 1-7. a
small molecule belonging to the NCI small molecule diversity Isas aK; value of 13
uM to AccD5 (i.e5 subunit of AccD) of MTB [114].

One of the most abundant proteins in the bacterial cell is acyilerc protein
(ACP). ACP (< 9,000 Da in most cases) is a small and diffugpbiein and is a
necessary enzyme for the initiation step of fatty acid syistiesll bacteria strains. ACP
is converted from an inactive to an active form by ACP syntfraseS) from apo-ACP.
Several inhibitors of AcpS that are effective in various badteti@ins have been
discovered. For example, anthranilic acid and analogs have MICs arouii &fainstS.
aureus(MRSA) andB. subtilis(168) [115]. The activated ACP then reacts with malonyl-
CoA to form malonyl-ACP via a reaction that is catalyzedtdaypsacylase (FabD, see
Scheme 1-L From this point on, the ACP will be a cofactor protein forddlithe
subsequent reactions until the acyl chain is transferred to thénétion steps. FOE.
coli, malonyl-ACP can directly enter the elongation cycle bythnegevith an acetyl-CoA
catalyzed by FabHScheme 1-L Whereas for MTB, malonyl-ACP first reacts with a
20-carbon ester, catalyzed by FabH, to give a 1,3-keto thioesteh whhen converted
to af,y-unsaturated ACP thioester by reductase, dehydrase and isomerase®(ZA4S-

lI-A, Scheme 1-P The mode of action of the dehydrase/isomerase in MTB FAS-I|
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pathway is still not clear. The resultig-unsaturated ACP thioester (22-carbon) then
enters the elongation steps (FASStheme 1-P For eitherk. colior MTB, four types of
enzymes are involved in the elongation cygieketoacyl-ACP synthases (KASp-
ketoacyl-ACP reductase (KR)-hydroxyacyl-ACP dehydrase (HD) and enoyl-ACP
reductase (ER)Scheme 1-L The acyl chain is elongated via the addition of two
carbons during each cycle.

There are three knowftketoacyl-ACP synthases (KAS) B. coli, FabH, FabF
and FabB. These three KAS enzymes all belong to the thiolasdasuie [111], which
catalyze Claisen condensation reactions. Thus the KAS enzymeslsy called
condensing enzymes or KAS I-lll in various literature repaetg. (ref [116]). In MTB
the three enzymes are referred to as FabH, KasA and KabB. ¢hly catalyzes the first
two condensation reactions i coli. For the first condensatiok, coli uses acetyl-CoA
as the primer and malonyl-ACP as the acceptor to form theametyl-ACP as the
product. For the second elongation cycle, the 4-carbon thioester A@edsas primer
instead [117]. Longer chains (C6 and up) require FabF and FabhBefmondensation
reactions. FabB is not efficient at elongating intermediat#ls long, saturated side
chains, whereas FabF can elongate intermediates with both sdtanat unsaturated side
chains [116]. For MTB, FabH only catalyzes the first condemsagaction before the
elongation (FASII,Scheme 1-2 The active site of FabH (both. coli and MTB)
contains a His-Asn-Cys catalytic triad, whereas those of baltk Bnd FabB have a His-
His-Cys triad. Figure 1-4 shows the catalytic mechanism of spFabF (sp means the
protein was fronStreptococcus pneumon)g@18]. The thiol in the active site (Cys164)

is activated into a thiolate, and the nucleophilic thiolate theckattdne carbonyl-ACP
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substrate and transfers the acyl group. His303 and His337 are both @dt@mal they
stabilize the negative charge on the malonyl-ACP. After decgldion, the formed
carbonanion will then attack the thioester on Cys164 [118]. It is atsthamoting that
during the second thioester transfer, the amide bonds of Cys164 aréb Phe3stabilize
the oxyanion intermediate via two hydrogen bonds, and this oxyanion bisitkéngs
usually refer as to an “oxyanion hole” in literaturéigure 1-4 [111]. The basic
mechanisms of all the condensing enzymes are the same. Fqrdrehbf the histidines
at the active site is replaced by an asparaginkE. boli, FabF and FabB are homologous
with 37 % sequence identity [87]. Consequently, FabB/F inhibitors btiéee similar
structural features [87]. The best FabH and FabB/F inhibitors dam<positive bacteria
discovered so far are platencin [119] and platensimycin [120] resggct Platencin has
an G value of 16uM against FabH [119], and platensimycin has ag \@lue of 0.048
uM against FabF irs. aureuqd120]. In MTB, KasA and KasB are homologs of ecFabB

and ecFabF (ec meahscoli), respectively [121].
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Figure 1-4 The catalytic mechanism 8f pneumoniaBabF [118].
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KR (p-ketoacyl-ACP reductase, usually referred to as FabG) MABPH-
dependent reductase that conveft&etoacetyl-ACP intog-hydroxyacyl-ACP [87].
Analysis of the X-ray crystal structure of KR (PDB code: 1Q88ggests that the
hydride transfer from NADPH to the ketone carbon is probably faigtl by a Ser-Tyr-
Lys hydrogen bonding relayFigure 1-5. And this Ser-Tyr-Lys triad was found in
various bacteria strains, includirfgfreptococcus pneumon[a22], E. coli [123] and

MTB (in MTB, KR is often referred to as MabA) [124].

F
ACP\S Ser140 ACP~g o
.
QH H’—\ ﬁoe
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HN | b *@ i

ACP R= °

R

/
NADPH ‘O i >
Asn112 Asn1 19)

Figure 1-5 The catalytic mechanism 8f pneumoniaBabG [122].

o

In E. coli p-hydroxyacyl ACP is dehydrated by HDp-liydroxyacyl-ACP
dehydrase), which is either FabZ or FabA. FabA is a bifunctemayme inE. coli that
can dehydrate/ isomerize the substrate to give unsaturatedadtates or products. It is
worth-noting that FabA is very narrow distributed in bacteria, and has only beensabse
in Gram-negativex- andy-proteobacteria till today [125]. It is still unclear how MTB
isomerize the double bonds via FAS-II-A and &ljeme 1-p Gram-positive bacteria
do not have the homolog of ecFabA either.Bnterococcus faecalisFabZl is the

equivalent bifunctional isomerase/ dehydrase [125].
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Fabl, a NADH-dependent ER (enoyl-ACP reductase), is the pkser to
complete the elongation process of fatty acidi.ircoli. Three other isoforms of ER in
other bacteria strains, FabK, FabL and FabV, are also found [1#&f Bacteria strains
can utilize more than one ER for fatty acid synthesis [127].iEER proven antibiotic
target and isoniazid, which is an inhibitor of ER, has been used diricaombat MTB
since 1950's [87].

The catalytic mechanism of ER in MTB (referred to as InlsAyery similar to
KR (Figure 1-5 1-6). Instead of Ser-Tyr-Lys triad, InhA possesses a Phe-Tytrlad,
where phenylalanine (Phel49) is probably used to direct the hybledsfer [128].
Studies utilizing isotopically enriched NADD (deuterated NADdthowed that Tyr158
probably does not act as a proton donor, but rather performs the roleslgicanphilic
catalyst [129]. IrE. coli, Fabl has a Tyr-Tyr-Lys triad, but the replacement of onbef t
tyrosines (Tyrl58) with phenylalanine has no effect on cata]§88]. This probably

suggests that the catalytic mechanisms of ecFabl and InhA are simila

. d\/\/\/ Phe149 i/(/\/\/v
Jnee ( Jy acp
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H H o H
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- I
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Figure 1-6 Catalytic mechanism of MTB Fabl homolog, InhA [128].

In typical Gram-positive or Gram-negative bacteria, the fioag-chain carbon

acyl-ACP will then react with glycerol-3-phosphate (G3P) tartsthe phospholipid
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biosynthesis (se€cheme 1-1[131]. In Gram-negative bacterfahydroxyacyl-ACP is

transported into the cell inner membrane and used for lipid A biossist The
biosyntheses of both phospholipid and lipid A are beyond the scope of #giss Hrel the
interested reader should refer to recent reviews for more iafamm[99,132]. In MTB

mycolic acid biosynthesis the resulting 24 carbon acyl-ACP subsivél repeat the
FAS-1I-A (referred to as FAS-II-B) and the FAS-II procdss 5 cycles, followed by
cyclopropanation of the two double bondsclieme 1-p For a further reading on

mycolic acid synthesis in MTB see ref [112].

1.2.3 Type Il FAS inhibitors

Small molecule inhibitors of FAS will be discussed in four sectidaity acid
synthesis initiation module inhibitors, condensing enzyme (KAS) inhibifeketoacyl-
ACP reductase (KR) angthydroxyacyl-ACP dehydrase (HD) inhibitors, and, last but not
least, enoyl-ACP reductase (ER) inhibitors. The antibiotic psofifeall the inhibitors are

summarized imMable 1-3

Initiation module inhibitors

As mentioned in the previous section 1.2.2, ACP is the one of the most abundant
proteins in bacteria, and is an essential cofactor for quorum gefggh The AcpS
enzyme is required for the covalent attachment of 4’-phosphopantethePie)(moiety
to a conserved Ser36 on the apo-ACP to form the holo-ACP [133]. Aporsraie the
proteins without a necessary cofactor bound, whereas proteins whichoane to
cofactors are called holo-proteins. Both ACP and AcpS are essentiellular viability.

A high-throughput assay was devised to find inhibitors of AcpS leasuring the
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incorporation of radio-labeled 4’-phospho-pantetheine moiety of CoA into jatepss

of apo-ACP [134].
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Figure 1-7. The inhibitors of fatty acid biosynthesis initiation phase.

The first small molecule inhibitor of AspS, Sch-5384Ey(re 1-7), was found
in 2003 [134]. The Ig value for Sch 538415 inhibition of the incorporation of radio-
labeled 4’-phosphopantetheine (4'-PP) into AcpS ispd2 Sch 538415 was also found
to inhibit bacterial growth (determined using a cell-based agrsdifhi assay) [134].
Anthranilate 4H-oxazol-5-one derivativesF{gure 1-7) were synthesized as AspS
inhibitors [135]. Although anthranilateHdoxazol-5-ones were found to inhibit Acp$
vitro (Table 1-3, these molecules were not effective at killing bacteria. Anilic acid
derivatives Figure 1-7) were also found to be inhibitors of AspS, and these analogs
were cytotoxic to bacteria with MIC values of 3264 to a number of Gram-positive
strains. Gram-negative bacteria, however, were resistant hoaaiic acid derivatives

[115].
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Plants also have type Il FAS, and many widely used herbitadgst plant ACC
(acetyl-CoA carboxylase) [136], validating ACC as a good antbatttarget [137].
Moiramide B figure 1-7) and andrimid were discovered in 1987 [138], and the first
asymmetric synthesis of moiramide B was achieved in 1998 [1B®. mode of action
of these pseudopeptide pyrrolidine dione antibiotics was not elucidaté@004 [140].
Moiramide B is a selective inhibitor (nanomolar) of ACC of both sositive and
Gram-negative bacteria (sd@able 1-3, but has an I¢ of > 100uM for eukaryotic
acetyl-CoA carboxylase from rat liver [140]. Abundance of mycaticls, a class of long
fatty acids that usually contain 60-80 carbons (Begire 1-3f), and multi-methyl-
branched fatty acids are uniquely found in the cell envelope of @lhstofmycobacteria
[141]. Approximately 10 % of the genomes rafycobacteriaare devoted to fatty acid
biosynthesis [142]. NCI-65828 (séagure 1-7), a lead compound that was originally
identified viain silico inhibitor screening against AccD5 (one of the six known AccD in
MTB), has akK; value of 13uM [143]. Further research also showed that NCI-172033
(seeFigure 1-7), an analog of NCI-65828 (s&&gure 1-7), has & value of 1.8uM to
AccD6 from MTB [144,145].

To the best of our knowledge, the only FabD (MCAT; malonyl-CoA: aeayfier
protein transacylase) inhibitor discovered so far is corytubeFiggie 1-7), which has
an Gy of 33 uM to the FabD ofHelicobacter pylori MCAT enzymatic assay also
indicated that corytuberine probably inhibited the target in a norpetitwe manner

[146].
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Table 1-3 The antibiotic activities of type Il FAS inhibitors

protein inhibitor Gy M)/ enzymatic| MIC (uM)/ strain name References
assay
AcpS Sch-538415 4.2/ AcpS(aureup -- [134]
4H-oxazol-5-one 1.3/ AcpB( subtiliy > 200/B. subtilis [135]
anthranilic acid 2.8/ AcpB( subtilig 32/S. aureugMRSA) [115]
32/B. subitilis(168)
ACC moiramide B 0.015/ ACCH:coli) 70/ E. coli(Neumann) [140]
0.096/ ACC B. aureup 18/S. aureug133)
NCI 65828 13K/ AccD5 (MTB) -- [143]
FabD Corytuberine 33/ FabD -- [146]
(Helicobacter pylor)
FabH 1,2-dithiole-3-oneg 5.7/ FabH E. col 17/E. coli [147,148]
(HR12) 1.9/ FabH §. aureu} 38/S. aureugMRSA)
YKAF02 0.042 Kg)/ FabH E. col) | 16/E. coli [149]
32/S. aureugMRSA)
YKAs3003 0.02Ky)/ FabH E. col) | 584/E. coli [150]
584/S. aureugMRSA)
SB418001 1.2/ FabHE( coli - [151]
0.016/ FabH
(S. pneumonia
benzoylamino- 0.004/ FabHE. faecali3 | >106/E. faecalis [152]
benzoic acids 3.8/ FabH §. aureu}p 52/S. aureus
Phomallenic acids 52/ FASIF (E.col) >388/E.coli (wild-type) | [153]
(FabH/F) 21/ FASII (S. aureup 21/S. aureugwild-type)
platencin (FabH/F)| 4.6/ Fabt$(aureus 2.4/S. aureugMRSA) [119]
9.2/ FabF §. aureup >150/E.coli (wild-type)
FabB/F | Cerulenin 3/ FabE{, E.coli) 425/E.coli (wild-type) [154-156]
20/ FabF Kg,E.coli) 287-573/S. aureus
700/ FabH Kg,E.coli)
4.5/ FASII E.coli)
6.7/ FASII S. aureup
Thiolactomycin 26/ FabBK,E.coli) 476/E.coli (No-9) [155-158]
60/ FabF Kg,E.coli) 304-609/S. aureus
158/ FabH Ky,E.coli) 238/ B. subtilis (PCI-
61/ FASII (S. aureup 219)
thiotetromycin 63/ FASII$. aureus 269-538/S. aureus [159]
26/ Bacteroides fragilis
(ATCC 23745)
BABX 69/ FASII (E.coli) >460/E.coli (wild-type) | [156]
21/ FASII (S. aureup 0.4/ S. aureus (wild-
type)
Platensimycin 0.16/ FabFE.coli) >145/E.coli (wild-type) | [120]
(FabF) 0.048/ FabF$%. aureup 1.1/S. aureus
67/ FabH 8. aureus
0.5/ FASII S. aureup
FabG Polyphenols 5/ FabG E.coli) >200/E.coli [160]
(EGCG, FabG/l) | 15/ Fabl E.coli)
FabA 3-decynoyl-NAC | -- 10/E.coli [161,162]
& Allenic acids
(thioesters)
Fabz NAS-91, NAS-21 | 0.6/ FabK{ P. - [163]
falciparum NAS-91)
Fabl isoniazid (INH-| 0.00075/ FabK{, MTB) | 0.12/ MTB (wild-type) [164-166]
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NAD) >3,600/E.coli
thionamides 0.0007/ FablK;, MTB) 5.9/ MTB (pMV261,| [164,167,168]
(ethionamide) PTH)
>594/E.coli
triclosan 2.0/ FablE. col) 1.7/E. coli (wild-type) [169]
5-octyl-2- 0.005/ Fabl (MTB) 6.7/ MTB (TN587) [170]
phenoxyphenol
diazoborine -- 83/E. coli(wild-type) [171,172]
(benzodiazaborine 10/K. pneumoniae
40/ MTB
indole <0.06/ Fabl E. coli) 1.3/E.coli(120AcrAB) | [173,174]
naphthyridinones | 0.05/ Fabl §. aureuy 0.04/S. aureus
(Fabl/K) 0.13/ Fabl H. influenzag | (WCUH29)
3.0/ FabK 6. 2.6/H. influenzag Q1)
pneumoniag 43/S. pneumoniae
(1629)

[a] The high through-put FASII inhibitory assay.

Condensing enzyme inhibitors

Cerulenin (CER) is a fungal mycotoxin, and was the first potent osnug
enzyme inhibitor discovered [154]. The molecule is an irreversible tohiahd mimics
the transition state of the FabF/B catalyzed reactigu(e 1-99. FabH (the initiation
condensing enzyme) is generally insensitive to cerulenin [158F Fkaa homodimer,
and Cys163 is located at the bottom of a mainly hydrophobic pocket afirtter
interface. Cerulenin is covalently attached to Cys163 via theimgpef the epoxide ring
by the Cys163 residud-igure 1-99. The amide carbonyl oxygen of cerulenin interacts
with His340 and His303, and the hydroxyl group at C3 forms a hydrogen ddinel NH
of Phe400 Figure 1-93 [175]. Cerulenin also inhibits the type | FAS. For example, it
has IGo of 4.5uM to yeast KAS [176]. It is also worth-noting that cerulenin careot
used for antibiotic therapy because it also inhibits human KAS.nalog of cerulenin
C75 Figure 1-8, however, has some clinical potential and was found to be cytdtoxic

some human cancer cells [177].
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Bacteria have developed resistance mechanisms to cerulenin [1X@).
resistance mechanisms to the action of cerulenB subtilishave been reported: i) up-
regulation of transcription of thabF gene increases 8-fold in response to cerulenin; ii)

spontaneous mutations of FAS enzymes lead to 10-fold increase inGhef ierulenin

[178].
0 HO,C
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Figure 1-8 Structures of condensing enzyme inhibitors

Thiolactomycin (TLM,Figure 1-8 is a natural product isolated fromNacardia
strain in 1982 [157]. Unlike cerulenin (CER), the toxicity of TLMwgak in animal
experiments, and it has a broad-spectrum antibiotic activityhsighoth Gram-negative
and Gram-positive bacteria vitro andin vivo [179]. Several thiolactomycin analogs,
such as thiotetramycinF{gure 1-8 [159], were isolated fronStreptomycesThe
variables of these analogs are limited on the alkyl substitugotis. CER and TLM have

high affinities to FabB [155], whereas the binding affinityhwiiabH is very weak [155].
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By changing the catalytic triad in FabB (His-His-Cysfoi the His-Asn-Cys triad found
in FabH, the mutated FabB showed significant resistance to both CER andl%&M [

A Merck group designed a high through-put FASII inhibitory assay in 905
using an antisense silencing technology and changing the conventionedtesbacetyl-
CoA and malonyl-CoA, into long-chain acyl-CoA (octanoyl-CoA or égiHCoA) [156].
Using this method the inhibitors of the elongation steps in fatty synthesis were
discovered [156]. Four potent FabB/F/H inhibitors were found by this reddifASII
inhibitory assay, namely BABX [156], phomallenic acid C [153], plsitaycin [120]
and platencin [119] (se€igure 1-8 and Table 1-3. All four compounds showed
antibiotic activitiesin vivo only to Gram-positive but not Gram-negative bacteria. It was
suggested that the action of efflux pumps in Gram-negativertzaetecounted for the
poor activities of these compounds against Gram-negative backer@li [pxC ortolC
strains that did not have the efflux pumps could be inhibited with these FAS
inhibitors [120]. Platensimycin, isolated froBtreptomyces platensis the best FabF
inhibitor discovered so far, with an 4€of 48 and 160 nM for Fabéf S. aureusandE.
coli, respectively. The compound also showed a weak inhibitié afireud=abH, with
an IGy of 67 uM [120]. Furthermore, platensimycin showed no toxicity issue to the
human cell-line and no antibiotic cross-resistance to MRSA (oiithvresistant S.
aureug and VRE (vancomycin-resistaBhterococcugstrains.

As previously mentioned, the FabF and FabB inhibitors usually shasathe
structural motifs because the binding sites these FabF/B inhibdotain similar amino
acids.Figure 1-9depicts the X-ray crystal structures of FabF/B and showbittuieng

modes of CER, TLM [155] and platensimygireo] to FabF/B. A carbonyl group in all
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three compounds plays an important role in themdinig by interacting wit the two
histidines(His333 and His298 iFigure 1-9aand 1-9ly His303 and His340 ilFigure
1-9cand1-9d; His311 and His345 iFigure 1-9¢ in the His-His€ys triad. Aparfrom
the nucleophilic addition of cysteine residue te #poxide moiety on CER, the bindi
patterns of CERHKigure 1-9a 1-99, TLM (Figure 1-9b 1-9¢ and platensimycil
(Figure 1-90 in the active sites of the condensing enzymes iandas (Figure 1-9

[155].
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Figure 1-9 Co-<rystal structure of FabF/B proteins with theiribitors. a) Cerulenil
(CER) binding site of ecFabB (PDB code 1FJ8); ml#ttomycin (TLM) binding site @
ecFabB (PDB code 1FJ4); c) CER binding site of bEF&PDB code 1B3N); c
platensimycirbinding site of ecFabF (C163Q) (PDB code2GFX); EMTbinding site of
MTB KasA, a FabF homolc (PDB code 2WGG). Amino acid residug®llow); ligands

boundto the proteins (CER, TLM or platensimy: green); nitrogengxyger and sulfur
atoms are colored blyeed and gold, respective
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Besides FabF and FabB (or KasA and KasB in MTB), FabHIss a highly
conserved protein. The amino acid sequence of FabB. aureushas 57, 40, and 34%
sequence identity with the FabH Bf subtils, E. coli, andM. tuberculosisrespectively
[147]. Benzoylaminobenzoic acidgigure 1-8 were discovered as FabH inhibitor in a
structure-based drug design approach [152]. Many analogs of #@isis @l compounds
showed nanomolar inhibition activity against both Gram-positive and -Gesyative
bacteria FabH [152]. Di- or tri- hydroxy benzene derivatives (¢kAs3003, YKAF04;
seeFigure 1-8, which were discovereith silico, showed nanomolar inhibition to FabH
[149,150]. However, the MIC values of these compounds are too high (16584 be
clinically useful Table 1-3. Platencin, also isolated fro®. platensisy the Merck
group, is structurally similar to platensimycin with the only eliéince found in the
tetracyclic moiety Figure 1-8. Like platensimycin, platencin also has a broad-spectrum
antibiotic activity against Gram-positive bacteria with no tdyiégssue or antibiotic
cross-resistance problem. However, platencin is 14-fold more agaest FabH than
platensimycin and maintains a similar inhibition activity tdFathus platencin is a dual
FabF/H inhibitor. Also similar to platensimycin, platencin inhibitptlospholipid
biosynthesis in the whole-cell labeling experimentS.iraureuswith 1Cs, values of 0.45

uM [119].

B-Ketoacyl-ACP reductase (KR) afichydroxyacyl-ACP dehydrase (HD) inhibitors

KR of E. coli, or FabG is a NAD(P)-dependant reductase. Only a handful of FabG
inhibitors are currently known. Epigallocatechin gallate (EG&Ghe major component
of green tea extracts. EGCG and other polyphenol green tegtextwhich contain the

galloyl moiety, showed a potent dual inhibition of FabG and Fablk Ipoubderateén vivo
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MIC value [160]. Other plant polyphenols were screened, and sontemof tad good
FabG inhibition and antibacterial activities, but the mode of actionhabition of both
of the NAD(P)-dependant reductases is still unknown [160].

Little attention has been paid to the discovery of FabA inhibib@sause not
many bacterial strains have FabA as theihydroxyacyl-ACP dehydrase (e.§.
acetobutylicumandC. difficile) [87]. The 3-decynoyN-acetylcysteamine, and its analogs,
2,3-decadienoyN-acetylcysteamine and 2,3-decadienoic acid were shown to ihibit

hydroxydecanoyl thioester dehydrasecotcoliirreversibly Eigure 1-10 [161,162].

OH
OH ﬁ/ i
O w MN\/\SH
HO o OH O,N
NAS-91 NAS-21 3-decynoyl-N-acetylcysteamine
EGCG OH

Figure 1-1Q The structures of KR and HD inhibitors

The only FabZ (HD) inhibitors reported so far are two syntheticmpounds,
NAS-91 Figure 1-10 and NAS-21. These two compounds showed binding constants

(Ky) of 1.6 x 16 and 1.2 x 1®M™ to Fabz, respectively [163].

Enoyl-ACP reductase (ER) inhibitors

Enoyl-ACP reductases, Fabl/K/L/V (called InhA in MTB) aaéso validated
antibiotic targets. At least four classes of ER inhibitors Haeten discovered so far:
isoniazid (INH) [164], triclosan [169], diazoborine [171,172] and indole
naphthyridinones [173,174] (sé&gure 1-11for structures).
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Isoniazid has been used as an anti-MTB drug since 1950’s, andrérs@ins as
the first-line antibiotic for MTB infections. Because of the dragistant problem,
standard chemotherapy to treat MTB consists of at least fagsdisoniazid, rifampin,
ethambutol, and pyrazinamide. Although isoniazid has a very simpletstdzspyridine
structure Figure 1-11), the mode of action of this pro-drug is complicated. It has been
suggested that INH (isoniazid) is activated by KatG (aastgperoxidase) and forms an
adduct with NAD, and this INH-NAD adduct inhibits InhAFigure 1-12 [180].
Inhibition of InhA results in the reduced synthesis of mycolic ackdchvis required for
the synthesis dflycobacteriacell wall [180]. It should be pointed out that although it has
became a common knowledge that isoniazid is a InhA inhibitor of MTBe tisestill
some evidence to suggest that there are more than one taligét iolside the MTB cell
[181-183]. Bacterial resistance towards isoniazid is probably cdoysedutations within

thekatG andinhA genes [180,184].
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Figure 1-11 Structures of Fabl/K inhibitors.
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Tyrl46

Figure 1-12 a) Coerystal structurs of INH-NAD and InhA(PDB code 1ZID][185]; b)
benzodiazoborin®AD and eFabl (PDB code 1DFG) [186]c) Triclosa-NAD and
ecFabl (PDB coddQG¢) [187]. Amino acid residues (yellow)igandsbound to the
proteins (isoniazid diazaborine or triclosi green); nitrogen,oxyger, boron and

phosphorous atoms are coloblue, red, pink and orange, respectively.

Ethionamide FFigure 1-11) and prothionamidare analogs of INH and are us
as a second-line thenagor MTB infection. Their mode of action is similéo INH;
ethionamide is activated by a putative m-oxygenase (EtaA) to form a NAD addu
whereas isoniazid is activated by the Ké¢188]. Both isoniazid and ethionamicare
narrow-spectrunantibiotics, and to the best of our knowleddéycobacteri: are the only
bacteria that are highly sensitive to these dr(Table 1-3. Analo¢s of INH-NAD
adduct havealso been madee.g. compoundl—25 Figure 1-11 and these compoun:
inhibit InhA with K; values that are similar to thi€; of INH (isoniazid)[189].

Diazoborine Figure 1-11) is another Fabl inhibitorand is widely used in mar
commercial items, including hand soaps, moush, etc [87].However, this molecul
contains a boron atomand it is not suitable for human use due to ississsciated witl
in vivo stability of the boron fragmel Analysis of he structures of complexesE. coli
ER with nicotinamide adenine dinucleot and eitler thienodiazaborine «
benzodiazaborineHgure 1-11) revealed the formation of @valent bond between tl
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2’-OH of the nicotinamide ribose and a boron atom in the drugs taaena tightly
bound adduct [186,190]. Mutational studies revealed that diazoborine bindig-th
ER requires the presence of a glycine residue at position §3otAar amino acid, other
than glycine, at this position dramatically affected diazaborine binding tA #R.

Triclosan Figure 1-11) inhibits the ER with a dissociation constant of 7.1 pM
[187]. Analysis of the co-crystal structure of triclosan andNE complex revealed
that both triclosan and diazaborine inhibitors bind to the sameFsgperé 1-12 [187].
Resistance to triclosan occurs via mutations to ER enzymds,asugablakin to how
mutations in INHA confer resistance to INH in MTB [169]. It shoaldo be noted that
many strains of bacteria do not possess Fabl or have morerted&R. For such bacteria,
triclosan is not a very effective antibiotic [127]. Additionally, theerexpression of the
multidrug efflux pump locusicrAB, marA or soXS decreased susceptibility to triclosan
in bacteria [192]. A detailed structure-activity relationship stoflyriclosan has been
done by the Tonge group [170,193]. And they showed that many diphenyl eghegsa
of triclosan (e.g. 5-octyl-2-phenoxyphenol) have similar or higheévigcthan triclosan
to various bacteria, includirg. coliand MTB [189].

Indole naphthyridinoneg={gure 1-11) were discovered as ER inhibitors in 2003
[173]. This class of compounds showed potent antibiotic activity tcowsriGram-
positive bacteria and some Gram-negative pathogens, including saltirenung resistant
pathogensTable 1-3 [173]. Extensive SAR studies showed that some of the analogs
have a dual inhibition of both Fabl and FabK, and they have a promisahg osivo

efficacy in aS. aureusnfection model in rats [174].
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1.2.4 Other considerations whewueveloping new antibiotics

As early as 1977, researchers noticed that in the presence wfhibitory
concentration of cerulenin, cells f aureusan resume growth when supplemented with
either a saturated or an unsaturated fatty acid [194]. A very rneapat claimed that type
Il FAS is not a suitable antibiotic target for Gram-positivehpgens [195]. The uptake
of exogenous fatty acids, which can be found in the human serum, would théow
bacteria to fully bypass the inhibition of the type Il FAS prec@$erefore the antibiotic
activities of type Il FAS inhibitors may be sensitive to thevivo environment of the
bacteria. It is therefore critical for the drug-develop@rconsider different scenarios
whereby a therapeutic regimen will not work, when developing newiatits to solve

the never-ending resistance problem.

1.3 Biofilm formation — another important antibiotic target
1.3.1 Introduction of c-di-GMP signaling

Biofilm is an aggregation of micro-organisms in bio-matrix on liviagd
nonliving surfaces [1]. It has been noted that bacteria in biofilmsrmre resistant to
antibiotics than free-living (planktonic) ones, and hence diseasgedelith biofilim-
forming bacteria are usually chronic and difficult to treat [186dfilm-forming bacteria
have been implicated in several serious diseases, such as endpaaysiitis, cystic
fibrosis pulmonary infections, and the infections of prosthetic deyi&&. Thus small
molecules that can attenuate biofilm formation have the poteatisblve the bacteria

resistance problem. It is now known that a dinucleotide, cyclicadigic acid (c-di-
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GMP, Figure 1-139, appears to be a master regulator of several procesatsdrab
biofilm in various bacteria strains [197,198].

C-di-GMP was first discovered as a cellulose synthase &mtivan
Gluconacetobacter xylinugormally known asAcetobactor xylinumnby the Benziman
group over two decades ago [199]. It was proposed by Benziman di&MP was
synthesized by a membrane-bound protein diguanylate cyclase (BGA) two

molecules of GTP in the presence of M¢Figure 1-13b). C-di-GMP was shown to

activate cellulose production in bacteria by binding to a cellulpsthase that is also a
membrane protein. The degradation of c-di-GMP is catalyzedhlogphodiesterase A
and B (PDE A/B), initially into pGpG by PDEA and then the pGp@léaved into two
molecules of GMP by PDEB-{gure 1-13b.

Mg** is required for c-di-GMP degradation but “Cacan strongly inhibit
hydrolysis [199]. DGCs are characterized by the GGDEF [200,201}eafd’DEs are
characterized by the EAL domain [202]. These two domains have renwsbewn to be
the most abundant in bacterial genomes [203]. The first identifiegtoceder c-di-GMP
was the BcsBpg-subunit of cellulose synthase [204,205]. However, after some debate
about whether the BcsB-subunit of cellulose synthase was indeed a c-di-GMP binding
domain [206,207], Amikam and Galperin clarified that PilZ domain instguence of

cellulose synthase was in fact the long-sought after c-di-GMP bindingjp{a08].

36



fab )
/
i)

— Mg’“ —

5-pGpG 25'-GMP

c-di-

GMP

Non-activated

Activated cellulose
cellulose synthase

synthase

Figure 1-13 a) Chemical structure of-di-GMP (1-26 and 5pGpG 1-27); b)
propogd mechanism fothe regulation of cellulose biosynthesis@uconacetobacte

xylinus(reproduced from r¢[199]).

C-di-GMP hasnow been shown to regulate diverse cellular proct in many
bacteria strainsRigure 1-14) [203]. For example, several genes that are responsib
cell motility [209,210] virulence factor{211] and biofilm formatior{212] are all under

the control of c-dGMP.
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Figure 1-14 Structure of -di-GMP and the related biological procesthat it regulates
(modified from ref [213]and [203]).

C-di-GMP alsocontrols cell division and differentiationn bacteria[214,215].
Recently, it was alsshown that -di-GMP controls the growth and toxicity Legionella
pneumophilan their host cell [216]. C-di-GMP regulates mRNA translatias well, by
binding to riboswitche$212,217. A riboswitch is an mMRNA molecule that binds t
specific small metabolite molecule, leading to confational changes in the RNA. Ti
conformational change in RNA structure ultimatelyfeets gene translation
transcription.There are two types ribostches found to bind c-d6MP so fa (Table 1—
4), and they are name«-di-GMP-I riboswitch [212] and c-di-GMP-Itiboswitch [217].
For example, c-di-GMRFRNA riboswitch fromClostridium difficile(86 Cd)binds to c-
di-GMP with aKy value of 200 pM [217]. Upon binding to c-dbMP, «di-GMP-II
riboswitch becomes a ribozyme and undergoes -splicing procesf217].

The list of processes in bacteria the-di-GMP apparently regulates ke
increasing and a listf known «di-GMP adaptor proteings well as processes tha
regulates are shown ihable 1-4 [213]. As already stated, c-@MP is producecby
diguanyhte cyclases (DGCsfrom two GTPs andcan be degrad into 5'-

phosphoguanylyl-(3'-5%uanosine 5-pGpG, Figure 1-139 by specific phosphor-
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diesterases (PDESs). pGpG can be further degraded into two @M®¥s Some of the
well characterized DGCs are WspR [200] and PleD [201]. Th&s€dDall contain a
GGDEF domain [200,201] but the exact role played by this domain in DX&Dysis is
not fully understood. Researchers have, however, postulated that¢hamsen utilized
by DGCs to make c-di-GMP from GTP could be similar to thabaénylyl cyclase
[218,219]. PDE (e.g. FimX, RocR) contains an EAL domain [203]. Recady showed
that EAL domain can use one, two or three’Mfpr catalysis but only one cation is
essential [220]. Using RocR protein (frddseudomonas aerugingsas a model, Liang’s
group further proposed that this key Mgoordinates and polarizes the P—-O bond of c-
di-GMP, and lowers the pKa of the coordinated water to generateauhleophilic
hydroxide anion, with the assistance of Glu352 via a general a®dfbashanism
(Figure 1-15 [220]. Proteins containing EAL domain specifically produce 5-pGpG

without the formation of 3-pGpG.

_____ |—|0~QF\\”OH ¢ j‘\”
~
m\/\n/ HO oW Q NTSNT NH,
o)
J <f SN
~0 HQNYN| N O/P\OH
o HN
HZNYN N 8:}:3_' OH o
HN | N/>
o)

Figure 1-15 Proposed catalytic mechanism for EAL domain-containing PDE.

In the last few years, tremendous progress has been maddsasentifying and

understanding c-di-GMP metabolism proteins (PDEs and DGCs). Howerg little is
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known about the downstream proteins that bind to c-di-GMP and tratiemitinding
event into a biological response (the so-called adaptor prot€atse 1-4shows known

proteins that bind to c-di-GMP.

Table 1-4 Known c-di-GMP adaptor proteins and RNAs (modified from refs[213]).

Adaptor family | Example | Species | Functions controlled Refs
Protein adaptors
Alg44 Pseudqmonas Alginate synthesis [221]
aeruginosa
BcsA various Gram- | oo 1050 synthesig  [207,208]
negative bacteria
Caulobacter -
Pil7 DgrA crescentus Flagellar activity [222]
PilZ P. aeruginosa Twitching motility [209]
PIz_ Vibrio cholerae Virulence gene [211]
proteins expression
Escherichia coland -
YcgR Salmonellspp. Flagella activity [223]
: Flagella expression
FleQ FleQ P. aeruginosa and Pel synthesis [224]
PelD PelE P. aeruginosa Pel synthesis [225]
| site effectors PopA C. crescentus Cell cycl_e [215]
progression
RNA effectors
Vcl
(encoded V. cholerae Intestinal adhesion
c-di-GMP-l  |-2Y.90PA
. : Vc2
riboswitches (encoded Biofilm formation [212]
(GEMM) V. cholerae :
by and rugosity
VC1722)
Cdl Clostridium difficile | Flagella synthesis
C-di-GMP-Il 1 g4 o4 | Clostridium difficile | Bacterial virulence|  [217]
riboswitches

1.3.2 Polymorphism of c-di-GMP

An interesting property of c-di-GMP is its ability to regdiform dimers,

tetraplexes and higher aggregates in the presence of cationdirablar or even high

micromolar concentrationF{gure 1-16 [226,227]. Structural data analyses of proteins
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that bind to c-di-GMP reveal that these proteins bind to either mon@»d# code:
3HV8 [228]) and dimer c-di-GMP (PDB code: 3KYF [228jgure 1-17). Cations such

as those of magnesium, sodium, lithium and ammonium promote dimer formation in c-di-
GMP, whereas potassium ion promotes the formation of tetraplegescéaplexes in c-
di-GMP [226,227]. Recently the Sintim group also showed that highergeggseof c-di-
GMP, such as tetraplexes and octaplexes, can also form at pgysablconcentration
(0—-10uM) in the presence of aromatic intercalators [230].

This propensity of c-di-GMP to form tetraplexes or octaplexeguy&lruplexes)
at micromolar concentrations in the presence of cations (sutlhaaef potassium) is
intriguing because simple nucleotides (such as cGMP, GTP or pGpG) do not feaalily
G-quadruplex structures at micromolar concentrations. G-quadruplexdsrared by
four guanine groups linked by eight H-bondsg(re 1-19. In c-di-GMP, the near-
planar G-quardruplex floors can stack with each other, stabilized fage-facer—n
stacking [227]. Not all bacterial c-di-GMP binding enzymes binchéosame c-di-GMP
polymorphism. For example, P4397 (PilZ domain) binds to dimeric c-dr@\gure
1-179, whereas FimX (EAL domain) prefers monomeric c-di-GMARy@re 1-170.
Therefore, the polymorphism of c-di-GMP should have biological imjpbics. Plausibly,
the facile interconversion of c-di-GMP into different aggregattates (especially in the
presence of cations) could be a means whereby bacteria rdgafdite formation in the

presence of different metals.
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Figure 1-16 Polymophism of «di-GMP. a) Lithium, sodium, ammonium ai
magnesium cations; b) potassium and aromatic iafiars. (-quardruplexes are forme

in tetramolecular and octamoleculi-di-GMP polymorphism.

(PDB 3KYF); b FimX (EAL domain) with monomeric-di-GMP (PDB 3HVY) (green,
red, blue and orange represent carbon, oxygewgeitrand phosphor atom c-di-GMP,

respectively; yellow represents the cartoon stinectd the adaptor protes).
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Chapter 2. The synthesis and antibiotic activitiesof oxazinidinyl
platensimycin
2.1 Syntheses of novel FAS inhibitors, platensimycin and platencin

In 2006, Merck reported a novel potent inhibitor of FabF, callecepdainycin
(Figure 2-1) [120], from a soil sample @treptomyces plateng(81A7327) collected in
South Africa. The yield of this natural product after extactand HPLC purification
was 0.6-1.3 mg/liter of the crude fermentation broth [120]. One yé&an, the same
Merck team reported another compound called platefégu e 2—1), which is a good
inhibitor of FabH, from a different strain 8treptomyces platengis1A7339) from a soil
sample collected in Spain with a similar purification method usedplatensimycin

discovery. Platencin was obtained in a yield of 1 mg/liter [119].

oL ot oy *@

platensimycin (2-1) platencin (2-2)

Figure 2—1 The structures of platensimycin and platencin.

Platensimycin (compoung-1, Figure 2-) and platencin (compourigl-2) both
show a broad-spectrum Gram-positive activityvitro andin vivo [119,120]. Single-
enzyme catalytic assays showed that platensimycin is a supdrbitor of saFabF (sa =
S. aureupswith an IGg of 0.048uM but a weak inhibitor of saFabH with ansif 67
UM [120], whereas platencin is a dual inhibitor of saFabF andoshkath an 1G of
0.11 and 16 pM, respectively [119. vivo, platensimycin and platencin both showed an

MIC (minimum inhibitory concentration) value range of 0.5#@mL. These values
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represent about 32-fold more antibiotic potency when compared toothenercial
antibacterial drug, linezolid, on various antibiotic-resistant lo@ttstrains. Interestingly,
both platensimycin and platencin do not exhibit significant cyto-tgxiCiable 2-1)

[119,120].

FabH and FabF are condensing enzymes that are both necessahe for t
biosynthesis of the fatty acid component of bacterial cellulanion@ne, phospholipid.
Thus a bacterium deficient in any of these two essentialnegz\ycannot survive [87].
Platensimycin and platencin are the most potent inhibitors of Hatg#ported to date,
and because their modes of action are distinct from any cwamgibiotics, such ag-
lactams, macrolides or oxazolidinones (e.g. linezolid), it wasoteg@ehat platensimycin

or platencin will not exhibit cross-resistance issue to these dfagpe(2—-1) [119,120].

Table 2—-1 Microbiological and toxicity profiles of platensimycin, platencin and lindzol
(adopted from ref [120] and [119])

Organism (genotype and description) |  Platensimy@tatencin| Linezolid
Antibacterial activity (MIC ug/ml)
S. aureugMSSA, sensitive to methicilin) 0.5 0.5 4
S. aureusr serum 2 8 4
S. aureugMRSA, resistant to methicilin) 0.5 1 2
S. aureugMRSA, resistant to macrolide) 0.5 1 2
S. aureu§MRSA, resistant to linezolid) 1 1 32
S. aureugVISA, resistant to vancomycin 0.5 0.5 2
E. faecalis(resistant to macrolide) 1 2 1
E. faeciumVRE, resistant to vancomycin) 0.1 <0.06 2
S. pneumoniae 1 4 1
E. coli (wild-type) >64 >64 >64
E. coli(tolC) 16 2 32
Toxicity (ug/ml)
HelLa MTT (1Gs) >1,000 >100 >100
Candida albicangMIC) >64 >64 >64
Whole-cell activity (IGg, pg/ml)
Fatty acid synthesisS( aureu} 0.1 0.19 ND
Fatty acid synthesisS{ pneumonia 0.8 2.7 ND
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It is worthnoting that although platensimycin and platenciovedd superio
antibacterial activities to various commercial bitdiics against several antibic-
resistant bacterial strains in vitro assays, both drugs have poor pharmacokii
profiles and did not display godn vivo activities because they were both inactivatet

enzymes in the human sert

2.1.1 KAS inhibition by platensimycin and platencin mechanism of actior
The crystal strature of a FabF mutant (C163Q), in complex withqaigimycin,
was disclosed in 2006-igure 2—2) [120]. Analysis of the crystal structure reveals

key hydrogen bonding interactions that are postdl&b be vital for binding

Figure 2—2 Structure at 2.6 A resolution E. coli FabF (C163Q) (active site residu
yellow; other residues: red) in colex with platensimycin (stick; green: carbon; r
oxygen;PDB code 2GF) [120].

Platensimycin and platencin can be structurdivided into three moeities, ti
tetra- or tri-cyclic ketolide core, the benzoic acid, and thedsntinker Figure 2-1). For

platencimycin, the carboxylate of the benzoic agig forms polar interactions with t
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activesite histidine residues (s303 and His340His303, His340 and Cys163 form t
His-His-Cys catalytic tria, which plays an important role in the catalytic mamism of
FabF (see Section 1f@r previous discussion on the mechanisms of Fald#fiEy/me)

[155]. The benzoic acid ring of platensimycin stacks vidtie400 of the FabF enzyme
an edge-tdace pattern of the FabF open conformation. Phégl@ie gatekeep residue
that separates the malo-binding and acyl binding subsites. In the -enzyme, in the
closed conformation, Phe400 would sterically clagith the benzoic acid ring ¢
platensimycin, and would not be able to make asr&hle a stacking interaon with the
inhibitor. This explains why platensimycin binds selectively to they-enzyme
intermediate [120]The hydroxyl grougparato the carboxylic acid group makes we
watermediated hydrogen bonds to protein residue Asp2®8ich is part of the malon:

subsite Figure 2—39 [120].

a2

Arg206 His340

Ved

Thr307

Phe400

Thr270 Q

J

Ala309

>

His340 '\.‘ =

/' His303

GlIn163

¢
’
s 281

platensimycin h‘

Ser271 N
&g Thr270

Pro272 Phe400

Figure 2—3 Some critical binding interactions between platerysin (green backbon:
and amino acid residues (yellow backbain the active site of FabR) The interaction
between the benzoic acid pof platensimycin and the FabF proteb);Interactions of
the tetracyclic ketolide core ande amide linkerof platensimycin with the residues

FabF (bue: nitrogen, red: oxygy).
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The amide-linked, tetracyclic core of platensimycin is positiandtie mouth of
the active site and is partly exposed to solvégure 2—-2 [120]. The amide linker
makes two hydrogen bonds to the protein; the carbonyl oxygen hydrogeniboties
Thr307 side chain, and the amide nitrogen interacts with the bacldashenyl of
Thr270. The enone carbonyl oxygen of platensimycin makes a hydrogen bdmel to t
backbone amide of Ala309, and the ether oxygen makes a hydrogen bondsiethe
chain hydroxyl group of Thr270~gure 2—3b [120].

More recent structural studies [231,232] showed that the binding modes of
platencin, platensimycin A (a hydroxy congener of platensimycirkigure 2-4
compound2-3 and platencin A(a hydroxy congener of platencin, compouhd) are
similar to platensimycinKigure 2-5. The IG values of platensimycin Yand platencin
A, are also similar to that of platensimycin and platencin ikfree FASII assays,
respectively [231,232]. For platensimycin, Ahe hydroxylated tetracyclic core is slightly
rotated and shifted compared to platensimycin in the bindingFsgaré 2-5 [231]. For
platencin and platencinjAthe terpenoid ring of the tricyclic core lacks the ether oxyge
atom found in platensimycin and therefore, both compounds cannot form & direc
hydrogen bond to Thr27®igure 2—-3b). This missing hydrogen bond probably accounts
for the 6-fold weaker binding affinity to FabF compared to platensin{288]. However,
the benzoic acid moieties and the amide linker are bound to the mlbheist exactly the
same way in all the cases. The hydrogenation product of platemsjmyhereby the
enone moiety of the tetracyclic core is reduced, dihydroplatsegn (compound2—5
Figure 2-4), binds to FabF with an affinity that is only 4-fold less thha natural

platensimycin. The lower binding affinity of dihydroplatensimycionjpound2-5) to
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FabF however suggests that the cyclohexenoneprobablyplays a role in the bindin
of platensimycin to FabF by orienting the-5 ketone for more favorable hydien-
bonding interaction with A309 of the FabF backbon&igure 2-3b) [233]. These
observations make us conclude that because thestroicture does not directly inhil
the His-HisCys triad (around 10 A away), interactions betwé®s core structure
these inhibitors and the protein residues probalgdynot contribute as much to t

binding energy as thogetween the benzoic acid moiety and the proteidues

OH

OH OH

o) o) 0 0 o) o)

HO,C N ) HO,C HW HO,C N
o] OH o

platensimycin A; (2-3) platencin Az (2-4) dihydroplatensimycin (2-5)

Figure 2—4 Strucutures ¢platencimycin A, platencin A and dihydroplatensimyc.
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Figure 2-5 Superposition of the structures platensimycin/platencin or their analogs
ecFabF (C163A)platensimycin: purple backne (PDB code 3HNZ)platensimycin 4:
yellow backbone DB code 3IAF; platencin: green backbon®@B code 3HO;
platencin A: bluebackbone¢(PDB code 3HO9).
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2.1.2 Previous total syntheses of platensimcyin and platencin

In only four years since the seminal report [120] by the Merckigrover 20
groups worldwide have reported the total syntheses of platensini@2r?34-246] and
platencin [247-257], or the enzymatic syntheses of platencimycin [298&&&itionally,
several papers demonstrated various strategies to make awdldigsse molecules
[231,232,260-277], and the biological evaluations of these analogs [231,232,262-
264,266-268,271-277] have also been reported. Several review articles [278-282] on
these molecules have also been published, establishing the platensfampdy of
antibiotics as one of the most intensely studied bioactive molerukbe last decade.
Despite the intense research efforts directed at discoverawern analogs of
platensimycin and family, the majority of the reported synthedeslatensimycin or
analogs typically involve close to twenty total steps, with tiwtest linear steps being
around nine [256]. Most total syntheses of platensimycin or platencinphesteced only
a few milligrams of material. As most antibiotic pills usadhe clinics typically contain
from one to two hundred milligrams of active substances, thentuahemical syntheses
of platensimycin or analogs reported so far would not be economically viable.

Nicolaou’s group first reported the total synthesis of platensimycR006 [234]
and platencin in 2008 [250]. Nicolaou’s first platensimycin synthesisided 10 steps
towards the core structure. The key step in Nicolaou's strategy ketyl radical

cyclization step to construct the tetracyclic ring core of platensm{$cheme 2—)

49



/40

(0]
O ketyl radical cyclization/
, Sml, 1 / etherification
—_— E—
@
Y
TBSO / /
26

2-8

(0]

0O
Y double alkylation HOJ\/
7 —— . HOC
)
29

210

Scheme 2—-1Nicolaou’s first total synthesis of platensimycin

Snider reported a 7-step synthesis of the core stru@u®eof platensimycin
(Scheme 2-p[241], the major drawback of this approach is that many stepkware
yielding and result in mixtures of undesired products. Thereforegprhctical purposes,
Snider’s strategy is not ideab¢heme 2—p Yamamoto reported a 10-step asymmetric
synthesis towards the core struct@red of platensimycin in 2007 [237]. Yamamoto’s
synthesis started with an asymmetric Diels-Alder reactiand ended with a

stereoselective Robinson annulation as a key Stefpefne 2—3

(0]
Birch reduction/ H
2,3~ d|bromopropene radical cycllzatlon
o

cis:trans =14

213
elimination/ O
reductlon etherlflcatlon g walker oxidation 4 >
OH lo)
2-13-cis 215 29

Scheme 2-2Snyder’s synthetic strategy towards the core structure of platesisimy
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Scheme 2—-3Yamamoto’s synthetic strategy towards the core structure of platemsimy

The core structure of platencin is less complicated than platgeisininstead of
a tetracyclic moiety, the tricyclic moiety makes the gatain synthesis generally shorter
than platensimycin. The shortest total synthesis of platencinrgs Taefenbacher and
Mulzer’'s synthesis reported in 2009 [256]. The synthesis startdd avdommercially
available compound perillaldehyde. After the key ring-closingathesis/ Diels-Alder
cascade reaction, the tricyclic structure was readily édrin only three stepsS¢heme
2-4). The total number of steps of Tiefenbacher and Mulzer’s synikasise, with an

overall yield of 9.6 % [256].

0 o}
o] HOOC™ ™
CHO bbs Il
_2steps grflflux 0% @ Ssteps HOLC” ;
hi o H@

2-22 2-24 2-25 platencin (2-2)

Scheme 2—4Tiefenbacher and Mulzer’s total synthesis of platencin.

2.2 Design, syntheses and antibiotic activities of first generati platensimycin
analog — oxazinidinyl platensimycin

(The majority of this section was published in ref [273])
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2.2.1 The design of oxazinidinyl platensimycin

Although platensimycin shows an excellent antibacterial actitiigre are still

some issues that must be addressed:

i) Platensimycin is 4-fold less effective in serum than thah bacterial growth

medium ([Table 2-1. The instability of platensimycin in serum might be due to the

hydrolysis of the amide group. Replacement of the amide moiely stable isosteric

groups might lead to a longer lasting drug.

i) Practical chemical synthesis of platensimycin for massge is currently not

feasible with the synthetic strategies reported so far.

Since the benzoic acid moiety is important, SAR studies of platgosi have

mainly been focused on the tetracyclic core structure of platgas, and any attempts

to modify the benzoic acid moiety rendered the molecule inadifable 2-2.

Interestingly, although the tetracyclic moiety of platenaim is distal from the active

site in FabF, modifications on the core does not always give are acimpoundTable

2-2).

Table 2-2 MIC values of platensimycin/ platencin analogs agatsaureus (Unless

otherwise shown, analogs contain the benzoic acid moiety found in platensimycin)

active analogs

inactive analogs

core structures/ names MIC refs core structures/ names MIC fs re
ﬁ 0.5 [120] (00Cr ~78
<
@) [267] (6. subtiiy | 271]
platensimycin
05-1 | [119] ~
4 T /@/N a]
g (0.4-0.8) | ([276)) o 90 [273]
platencin oxazinidinyl platensimycin
ﬁ&fs\ 04-0.8 | [276] 128 [268]
(0]

iso-platencin

iso-platensimycin
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£

1.1-2.2 [263] >64 [272]
carbaplatensimycin 0
% 1.3-1.8 | [262] %; >64 [272]
adamantaplatensimycin \ o
HO
ﬂ; y 1 [267] % >1000 [274]
PH 0
Lol 1 [267] HOQCQ *& >25.6 [276]
g
D g
% 2 [233] L u*ﬁ@ >64 [266]
dihydro-platensimycin 0
Ty
% 35-43 | [264] | Y TN \ >64 [266]
o g 0
0
oH, o
%ﬁ 4 [275] %[H\A&@ >64 [266]
nor—platenocin 0
J@L PP
fﬂf 8.0-10 | [264] | oo [ u*@ 85 [264]
d
o, 5
ﬂ‘ 16 [272] Hozc@[ﬁﬁ@ >85 [264]
0
< g
0 HOC O 0
HO AN/V‘\N |
o 16 [231] H H . >1000 [274]
platensimycin A platensimide A
0 ]
% 17-20 | [264] Me‘”iﬁ@ >1000 [274]
© platensic acid methyl ester
g‘l OH
ROSE g $ 20 (274] ro, Lo
OH HO™ "0
platensimycin A QO 0 0 >1000 [277]
HO ) 37-58 | [264] Hooe™ L HJ\/@
d (>1000) | ([274]) °

platensic acid

platensimycin B

[a] The molecule was synthesized and reported by Sintim group [2iBjwél be

discussed in this dissertation.
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Herein, we report the total synthesis and biological testing aizioxinyl
platensimycin(2-30, Scheme 296and a simplified oxazinidinyl analo@-67, Scheme
2-17). This limited set of analogues was designed to answer twaiansesa) Could the
enone moiety of platensimycin be replaced with the oxazinidinglto create a potential
bioisostere compound 2? b) Could the tetracyclic core structure t@hgilaycin be
replaced with other motifs that are synthetically easier to access?

The choice of the oxazinidinyl moiety to replace the enone muiatydictated
by the observation by the Merck group that the enone functionality dok play a
significant role in platensimycin inhibition of FabF [120]. Additionallge replacement
of the C4 atom{cheme 2-pwith nitrogen will open up the possibility of synthesizing
platensimycin analogs via reductive amination. Reductive aminageaetions $cheme
2-5, with sodium cyanoborohydride, do not require stringent inert or anyagdr
conditions and are generally high yielding. Therefore the imraid amenable for high-
throughput synthesis; enabling the rapid syntheses of platensimydoganea the
coupling of the aryl side chain with readily available 1,3-hydkexgnes to generate a
library of oxazolidinyl platensimycin analogs with differeote-structures for biological

testing.

2-26

o oP,
P
NH, YNaBCNH. M
______ P B@J NaBCNHs 5 6,c- :(\ /\:Jirllge_;r_:/\N y
P102C | linker (o] R OP2
o]
R
2-27 2-28

o]

0 8
= =N Mo . P4 2 = protecting group
— . POC Uir!'ser_f/EN\\Q/ Y |R=alkyl group ]
o}

Z7N

Y = OH or NH,

R
2-29

Scheme 2-5Synthetic strategy towards platensimycin analogs.
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2.2.2 Synthesis of oxazinidinyl platensimycin

Scheme 2-6outlines our retrosynthetic analysis for the core structdre o
platensimycin analogues. For the synthesis of the core struofurexazolidinyl
platensimycir2—3Q bis-alkene2—-34was chosen as a key intermediate that could be ring-
closed with Grubb’s metathesis catalyst. Epoxidation of the negudticlic alkene would

give compoun®-32 after a nucleophilic addition to the ketone moiety.

OH
(0] 0 0 0 /
N OBn /A 0Bn .\
HO,C N NAO — — = — ] OBn
OH B@J o HO") .., OBn
o ’ 0
2-31 2-32 33

2-30 2- 2-34

Scheme 2—6Retro-synthetic analysis of oxazinidinyl platensimycin.

We reasoned that because the lone pairs of the hydroxyl oxygem af 2-32
overlapped with tha* of the epoxide’s C-O bond, a facile 6-etei+ing closure should
ensue to provide the tricyclic structu236 (Scheme 2-y Of concern was the

possibility of obtaining the alternative diastereo2eB7via a 5-exaetring closure.

@Li
90
@Li : OBn
Me © 00 a
9] Me o]
\—-» ) a . / Me
- 2-36
H=—_ _0Bn H=3¢ O8N b M€
o H O H OBn
2-35 2-32
©0
@Li

Scheme 2-76-exotet (pathwaya) vs 5-exotet cyclization (pathway).

DFT calculations, using the Gaussian 03 program, indicated that tkatiact

energy of pathwaw via the transition state structuf&-a was 9.8 kcal/mol lower than
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that of pathwayb via TS-b. Thissuggests that pathwais more favorable than pathw
b (Scheme 2—-8 Diastereome2-37 contains a boat conformation and the ground :
energy of2-37is 14.0 kcal/mol higher compared 2-36 (Scheme 28). Also, for the
optimized ground state geometry of compoi2—32 the distance between the oxy
nucleophile and C1 atonScheme 2-Bwas 3.2 A whereas the oxygen nucleophile '
3.7 A away from C2. Taken together, these analgasgs us the confidence that our |

steptowards the synthesis of oxaidinyl platensimycin was viable and worth pursu

A Ar 331
| &+ o /0%
Yy \ (34.7) /1A
| \Brir9g k) ma11 S~ ¥ Me
I ra -~ 1 Lo7-1] 1\(/'2
| 18U3qg ¢l Ve oo
Y N O 15-b
| kcai/moi
Me
| — \
23.8
23.4) . Me
[24.7]
|\_/|e N ‘\‘ /O 2-37
o Yo
b 5 ' -10.
2 e L n (104)
172 “ 93] e
O TS-a N el Pathway b
Lis | ]
0 . pathway a
)39“”9 4.1
) Ve (-24.4)
2.36 [-23.4]

Scheme 2-8The energy surfacesf pathwaya and b for the epoxide rin-opening

reaction

Initially, we set out to mal bis-alkene2—34 the requisite substrate for the I-
closing metathesis reaction. Treatment of commbiycivailable vinylagous este2—-38

with anion2-39 generatedrom a stannane precursaa a lithium+tin exchange gav
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enone2—-40in good yield (84 %). The next step involved the allylation of eriAd
with an allyl halide. Allyl bromide only gave the desired prodisetlin a meagre 34%
yield accompanied by a substantial amount of diallylated pro2d? (44 % yield).
Interestingly, changing the allylation reagent to allyl ioditgroved the yield to 62 %
and the formation of the diallylated product was suppressed to 25 %njdgate
addition of vinyllithium to enon@-41 in the presence of BEELO resulted ina 1 : 3.5
mixture ofcis-bis-alkene2—34andtrans-bis-alkene2—34respectively. Unfortunately, the
major product tfans-2—42 was not suitable for the subsequent ring-closing metathesis
because the alkene moieties waans- to each otherScheme 2-9 The low overall
yield of the desiredcis-bis-alkene2-34 led us to investigate the epimerization of
compoundrans2-34to givecis-2—34(Scheme 2-1p Subjecting compountlans2-34

to 30 mol% DBU in toluene yielded an epimeric mixturérahs2—34 cis-2—34in an 11:

9 ratio after 23 h§cheme 2-1 It therefore appears that the undesumsebis-alkene2—

34 is both the kinetic and thermodynamic product.

Under the experimental conditionis-2—34 andtrans-2—34 may reach 70 % of
their equilibrium in about 6 hours (sé@pendix 1). We wondered if we could perform
the ring-closing metathesis in the presence of DBU. Should the ruthesatalyst be
compatible with the amine base, then a dynamic ring-closimodutesn should ensue and
both diastereomersis-2—34 and trans2—34 would be suitable for the ring closing
reaction. To the best of our knowledge, a dynamic ring-closingtinesia has not been
reported in the literature. For the successful implementationeoflynamic ring-closing
strategy, the ruthenium catalyst will have to survive the amine base for ovet 2dflax

conditions without being completely poisoned.
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0 2-39 o) o) O O
Li” >oBn b c
e e R +
a \ \ . \
OMe OBn OBn 4 “—OBn — +—0Bn
2-38 2-40 2-41

cis-2-34 trans-2-34
Ccis-2-34 :trans-2-34=1:35

/)
§

OBn
2-42
byproduct

Scheme 2-9Reaction conditionsa) LICH,OBn, THF, —78 °C> RT, 12 h, 84 %; b)
LDA, HMPA, allyl iodide, THF,—78 °C-> RT, 12 h, 62 % (67 % lsad on the startin
material); ¢) Sn(CHCH)4, n-BuLi, CUCN, BR-ELO, —78 °C> RT,12 h, 85 %

Time = ot
o] o . e} nun
e Ky R 4 ko e i
DEU * —= DBJH- + ka DBU + 0 0
N 0Bn S-OBn a0OBn 78 154
- - - 168 235
trans-2-34 M-2-34 cis-2-34 382 333
310 36.7
1330 44.7

/- 1380 min

5

/ 510 min

~ 382 min

[ 168 min

£ 78 min

1

= 0 min

-----------------------------------------------------------

Scheme 2-10Stacked NMR spectra of epimerization reaction ahpoundcis-2—-34
and trans2—34 under the condition: 30 mol% DBU, 0.02 M substrgiare trans-bis-
alkene2-34), 100 °Cin dg-toluene. The reaction was carried in a 5 mm NMRetwith

oil bath and'H spectra were collected at room temperature withimirg
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CH3 /7 \ HsC

i i i i e ahin e
. Dynamic RCM . ~ HsC CHs|HsC CHs,
\ . \ R 2 'Ru‘:CI
_J“—oen _\—08Bn “—0Bn —J/ “—0Bn “

|

HiC

cis-2-34 frans-2-34 2.33 2-43 g \((:H
3

Cis-2-34 : trans-2-34 =1:3.5 69% 10% Hoveyda-Grubbs Il catalyst

Scheme 2-11Dynamic ring-closing metathesis. Reaction conditions: Hoveydd§sr
Il catalyst (2 % x 5), 50 % DDQ, 30% DBU, toluene, 0.02 M comp@+84l reflux, 6 h
each loading, 69 % (83 % based on the starting material). Sgendix Il for more
information.

Pleasingly, subjecting an epimeric mixture of compoutid®2—-34 trans2-34
(ration of 1:3.5) to Hoveyda-Grubbs Il catalyst in the presence of DBU and benzoquinone
afforded the ring-closed product in 69 % vyield (83 % based on thEngtanaterial,
Scheme2-11). In contrast, in the absence of DBU, the desired product could be abtaine
in a meager 20% vyield. The benzoquinone additive was important for imgrthe
formation of the enone by-produg+43[283]. For this protocol to work, it was important
to add the ruthenium catalysts in 2 mol% portions five times ot h period. The
portion-wise addition of the catalyst was necessary becausdrewagh the catalyst was
tolerant of the amine base to some extent, the ruthenium cataysiecomposed under
the experiment condition in a period of approximately one hour [284]. Meaetion

conditions screened for the dynamic ring-closing metathesis refer tméigde

o)
o)
a @ @/OBn b E@—PB“ e d E@—PH
3 _[/~—oBn O o o
“—OBn o 2:36 244
233 235

Scheme 2-12Reaction conditions: an-CPBA, dichloromethane, 0 °© RT, 12 h,
64 %; b) MeLi, THF, —78 °CG> RT, 5 h, 70%; c) Dess-Martin reagent, £, RT, 12 h,
95 %; d) 10 mol% Pd/C, HiMeOH, RT, 12 h, 90 %.
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With bicyclic compoun®-33in hand, in gram guantities, we proceeded with the
epoxidation reaction using-CPBA. The epoxid@-35 obtained in 64 % yield, was then
subjected to a tandem nucleophilic MeLi addition followed by a subsegpexide ring-
opening to afford tricycle2-36 in 70 % yield Scheme 2-1B In line with our
expectation, the 5-exit pathwayb product2—37was not observeds¢hemes 2—-&nd
2-13. Treatment oR-32with KOt-Bu (1.5 eq) in d6-DMSO resulted in epoxide ring-
opening produc?—36 within 5 minutes quantitativelyScheme 2-1¥ Oxidation of
compound2-36 with Dess-Martin periodinane was followed by debenzylatiorh wit

Pd/H to afford2—44without any incident.

o) HO Me,

Me o
MeLi, THF . g@\/osn . OBn
H’@/OBn various rxn time H_@/OBn (e} o @\/
o M o M OH
2-35 2-32 2-36 2-37
Entry Temperature Reaction time (1)2_3‘2 _Pzr_%daygt_%?t&bvlg'rgﬂ yield)
1 —78-> -10 °C 2 0.7:1:0 (87 %)
2 —78> 1t 6 0:1:0(70 %)

Scheme 2-13The product distribution of epoxide ring-opening reaction.
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Scheme 2-14Epoxide rinopening reactioand the stacked NMR spectraa) reaction
mixture in d6-DMSO;b) epoxide ring-opening produ@-36in CDCk; c) epoxide ring-
opening starting materi2—32in CDCl.

NO,

OH
NO
N02 a, b 2 C, d
OMOM OMOM
OH
2-45

I 07 “OMe
2-46 2-47

0
f
) Cl)J\/\NHTFA OMOM

249 NHz

2 g) Deprotection of TFA OMOM

O OMe
2-50 2-48
Scheme 2-15a) NIS, TFA RT, 12 h, 100 %; b) MOMCI, Hunig baseH.Cl,, RT, 12 h,
97 %; c) CNCOQMe, PhMgBr,-78 °C—-> RT, THF, 12h, 78 %; d) MOMCI, Hinig bas
CH.Cl,, RT,12 h, 78 %; €) l,, 10 mol% Pd/C, MeOH, 69%; f) pdine, benzen RT -
50 °C, 5 h, 95%; g) ¥COs, MeOH : HO = 3:1, RT, 10 h, 99 %.
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The aromatic side chain of compoubdvas synthesized following the strategy
shown inScheme 2-15The stage was now set to couple the aromatic side 2k&ih
with the tricyclic ring core2—44 The reductive amination intermediadd has two
sterically similar faces (shown as fag®sandB in Figure 2—6), and it appeared at first
glance that a mixture of diastereomers would be obtained duringdbetive amination
step. We, however, postulated that because one faceBjawentained oxygen, subtle
stereoelectronic factors could swing the selectivity towardsddésred product. The
Felkin-Anh model [285-287] is not suitable to interpret the stereoseky of this
reaction. In Felkin-Anh model, the addition of nucleophiles to imin&#d1 favors
addition from faceA (Figure 2—6) due to favorable interactions between the nucleophile
and the low lyingr* c_o bond. However, literature examples [288-291] indicated that, for
tricyclic systems such &-51, a Cieplak model [292,293] would be a more appropriate
predictor for product distribution: A hydride approach from fBagould lead to twa ¢.

c interacting favorably with the developing-.nbond whereas a hydride approach from
faceA will only lead to ones c.cinteracting favorably with the developieg c.nbond.o

c-o bonds are low lying and not expected to make any significant hygagative
contribution. Additionally, transition-state dipole minimization betwalee C—O bond
and the forming C—N bond dictates that approach fromBasieould predominate [294].
Together, these arguments strengthened our conviction that thelgesidect would be
obtained via reductive amination. Model studies using a simplifiedcsid® confirmed

our prediction that hydride attack from fa8gredominates3cheme2-16).
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— = orbital stabilization R1— platensimycin side chain
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Figure 2—6.The origin of the facial selectivity of reductive aminatiorcompound?—44

and 2-5Q In Felkin-Anh model, the s orbital of the hydride is stabdlibg interaction
with the o* orbital of the C—-O bond. In Cieplak model, the hyperconjugation of the
forming o* c_n and the twa ¢_c orbitals favors the nucleophilic addition from the B face.

The dipole moment is also minimized in the transition state of B face addition.

BnO
o OBn  BNONH,, NaB(CH)H; "\ OBn Hg@_/OB"
[£'§; VAREEN
0 MeOH, pH=3,0°C ~1t, 6h O WO N
Me ’ ’ ’ HsC 3 “OBn
2-44 2-52 2-53

2-52:2-53 =5:1

Scheme 2-16Facial selectivity of reductive amination for a model reaction.

The end game of our synthesis proceeded smoothly. Reacting com@tads
and 2-44 in methanol in the presence of sodium cyanohydride gave comgbadd
which was not purified but subjected to carbonyldiimidazole cyahizgo afford2-55in

76% vyield. Deprotection of the methyl ester and the MOM groeg@std oxazinidinyl
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platensimycin 2-30) in 80% vyield over two steps. Oxazinidinyl cyclohexaplatensimy

(2-57) was synthesized following the strategy outline®&ameme2-18

OMOM
MeOQC/ :\r )Jj JB@—/ MeOQCJ@[ )l\/\NH OH R20 C@ )K/\

MOMO |]§ > |E ; \
2-50 254 O 2-55
(R" = MOM) (R"=MOM, R? = Me)
i e
o, o) 2-30 2-56
PN (R'=H,R2=H) (R'=H,R2=Me)
HO,C N N~ O
HO $ |

simplified oxazinidinyl
platensimycin (2-57)

Scheme 2-17a) NaB(CN)H, MeOH, pH 4, RT, 5 h, 75%; b) carbonyl diimidazole, 20
mol % DMAP, benzene, 50, 12 h, 76%; c) 1 N LiOH, MeOH: # = 2:1, RT, 12 h,
then, 2N HCI, MeOH: KD = 2:1, RT, 24 h, 80%; d) 2 N HCI, MeOH®=3:1, RT, 24 h,
92%.

ettt o o ONPM o o 0
/@)ﬁ . a__ MeO,C NJ\/\NJ\O b _ HO,C N)J\/\NJ\O
MeO,C N —

MOMO

H ij) momo M 5 oH H 5
H,oN
2-50 2-58 2-59 2-57

Scheme 2-18a) NaB(CN)H, MeOH, pH 4, RT, 5 h; then, carbonyl diimidazole, 20 mol%
DMAP, benzene, 56C, 12 h, 70 %; b) 1 N LiOH, MeOH: 4@ = 2:1, RT, 12 h, then, 2N
HCI, MeOH: HO = 2:1, RT, 24 h, 85 %.

2.2.3 The biological evaluation

Oxazinidinyl platensinmycin 2-30) inhibited the growth ofStaphylococcus
aureus(Newman),Streptococcus agalactia@603V/R), andBacillus subtilis(3160) at
micromolar concentration (90g/mL). Despite its structural mimicry of platensimycin,

oxazinidinyl platensinmycin 2:30 is two orders of magnitude less potent.
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Carbaplatensimycin (sedable 2-2), an analog that has the ethereal oxygen of
platensimycin replaced with carbon, has an MIC of gM4(MRSA), which is close to

that of the parent compounit.appears that the enone moiety of platensimycin is more
important than the ethereal oxygen with regard to antibiotic acti@xazinidinyl
platensinmycin methyl ester2{66) did not inhibit bacterial growth at micromolar
concentrations. We conclude, based on this work and others’ [274] that bacteriaéssteras

are unable to hydrolyze the ester analogs of platensimycin into acty® dru
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Chapter 3. Syntheses and antibiotic activities ofN,N-dialkylamino

benzoic acids — second generation design of the fglasimycin analogs

(The majority of the work was published in ref [295])
3.1  The design of dialkylamino benzoic acid analogs

Studies have shown that modifications on the 2,4-dihydroxybenzoicrematy
of platensimycin diminish most of the antibiotic activity [264]. Tisisn agreement with
the proposed mechanism whereby the dihydroxybenzoic acid subunit enigadéis-
His-Cys catalytic triad of the condensing enzymes (FabFLRQ][ It therefore appears
that efforts aimed at discovering simpler platensimycin analage a higher chance of
success if the essential dihydroxybenzoic acid moiety is k#ptt or minimally
modified (Table 2-2).

Recently, several groups have focused their attention on the maplaicef the
“difficult-to-synthesize” tetracyclic core of platensimgadr platencin with moieties that
are relatively easy to chemically prepare. For examplé/gteler-Nolte group reported
the synthesis and biological evaluation of a bioorganometallic analwigs
platensimycin/platencin whereby the tetracyclic/tricydare of these antibiotics were
replaced with an’-arylCr(COx moiety [271]. Although the synthesis of the
organometallic analogs of platensimycin took a total of nine liségps, which was
significantly shorter than the chemical synthesis of the panlatensimycin antibiotic,
the MIC of these analogs were close to two orders of magnitugeer than
platensimycin. Recently, Mulzer has reported a new analog thabtdpk total steps to
make and which show antibiotic activity profile that is simitatiose of platensimycin

or platencin [276].
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We rationalized that since FAS enzymes utilize sabss with long alkyl chain
to make fatty acids [87here ought to be a hydrophobic pocket at or neamlttive site
of these enzymes. It is also known that dihydroxydogc acids bind to the catalytic tri.
in FAS enzymes[120]. In fact, other FAS inhibitors such as cerulc [91],
thiolactomycin [91]or alkyl disulfide [296] analogs contain hydrophobic alkyl or alke
side chains Therefore we wondered if a combinatorial strategyhereby
dihydroxybenzoic was coupled to a variety of conuiahy available alkylchains would

yield an active analog of platensimy (Figure 3-1).

tetracyclic core Ok tricyclic core
AR ~ x0T 0 "_}
n =7 O v Il | Mo "
/Il\/l\ Il | I HO C/’\Y//’\N)\! /\J\/)’\\ '
HOC™ Y N T NI =l H L
oH " M o R ! ;
Cavis e e

"""""" ' RGN L = linker

platensimycin (3-1) platencin (3-2)

Figure 3—1 Design of second generation of platensimycin/plateanalogs

OMOM

OMOM
ozt S i 300
MEOZC N)'L(\%\NHz o) MeOZC HCl H02 R2 =Hor Rl
momo M \ g MOMO
3-3

Scheme3-1 A general pathway to generate-alkylam|n0-2,4d|hydroxyben20| acid

analogs.

3.2  Synthesis and biological evaluatio
En route to our reported synthesis oxazinidinyl platensimycii [273], we

demonstrated the facile synthesis of ami3-3 (Scheme 3-1). This 2,4-
dihydroxybenzoic acid ester with a terminal amimougp 3—3 could be synthesized «

gramscale. A simple reductive amination with commetgiahvailable aldehyde
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(Scheme3-3) or reaction with acid chlorides or sulfonyl chlorides would themnish

myriads of easily accessible platensimycin/platencin analog$igeres 3—2and3-3).

Hozc%;}\/;\ ;“i { i ? Ay g%

310 311 342 313
OH OH
% ;
HOLC g CoHi  o.c H)H/\
HO HO
314 345

Figure 3—2 Synthesized analogs for the initial screening.

Table 3—1 MIC value of compound3—-6to 3—22

MIC (ng/mL)
Compounds 5= Hilis(3160) | E. coliK12 (1655)
platensimycin {) 2 >32
3-6 >256 >256
3—7 128 >256
3-8 4 >256
3-9 >256 >256
3-10 >256 >256
3-11 >256 >256
3-12 >256 >256
3-13 >256 >256
3-14 >256 >256
3-15 >256 >256
3-16 >256 >256
3-17 >256 >256
3-18 8 >256
3-19 128 >256
3-20 2 >256
3-21 4 >256
3-22 >256 >256

Initial screening of analogséble 3—1), compounds3—-6 to 3—13 revealed that
compound3-8 (a myrtenal derivative) had the most potency amongst the molecules

68



tested with MIC values of 4, 16 and@/mL againstB. subtilis (3160), methicillin-
resistantS. aureus(MRSA) and vancomycin-resistant enterococci (VRE) respegtivel
(Table 3-1, 3-2. The MIC of compoun®-8 againstB. subtilis (4 ng/mL) compared
favorably with the MIC of platensimycin againBt subtilis(2 ug/mL). The other bis-
alkylamino analogs ifrigure 3—2 were inactive and shows that the antibiotic activity of
compound3—8is not just due to “greasiness”. Of note, compow)and3—-11which
are structurally similar to compourd-8 were found to be inactive. In line with earlier
observation by the Merck group that platensimycin/platencin wefféeatige against
gram-negative bacteria [119,120], our new an&ogas also ineffective againkt coli

K12 (1655) Table 3-1).

Table 3—2 MIC values of compound®-8 3—20and3-21

compounds MIC, ng/mL
MRSA VRE E. coli + PAND
platensimycin{) | 0.5[120] | 0.1]120] >32
3-8 16 8 4
3-20 32 32 2
3-21 16 16 8

s SR S I o S
g I ﬁj s

)ﬁ M# ;!
o 7 Mee A ¢

Figure 3—3 Second set of analogs and probes derived from (-)-myrtemycin.
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We chose compoun8-8 as the lead structure and we designed a second set of
structurally related compoundBigure 3—3 compounds3—-16to 3-22. Compounds3—
16 and 3—17 tested the importance of the carboxylic acid moiety by edeésting or
modifying as the methyl ester. Methyl esters can usumgjtrolyzein vivo to produce
carboxylic acids but we and others have previously shown that meskss eof
platensimycin are not good pro-drugs and do not hydrolyze into carbacytis undein
vivo conditions [231,273,274]. This is not surprising because the presence of two
phenolic hydroxyls on the benzoic acid core of platensimycin is eegbeéotreduce the
reactivity of the ester carbonyl towards hydrolysis. CompoB8nil8 had one extra
methylene group in the linker region between the benzoic acid odreha myrtenyl
moiety and was designed to test the importance of the lengtheofirtker unit.
Compound3-19was designed to test if the benzoic acid moiety was as iampont our
analog as it is in the natural antibiotic. Compoug0 synthesized from saturated
myrtanal, was designed to probe the importance of the alkeneubibfogical activity.
Compound3-21is the enantiomer of the lead compoui8 whereas compoun8-22
had only one (-)-myrtenyl group and was designed to test if both gtkups on
nitrogen were needed for biological activity. The MIC valueshef second-generation
compounds3—16to 3—-20againstS. aureusandB. subtilisare summarized imable 3—-1
From these results, we conclude that both carboxylic acid moietly the di-
myrtenyl/myrtyl groups are important for the antibiotic at¢yivof compound3-8
Interestingly, the antibiotic activities of enantiomers 3-8 and (+)3-21 or the
saturated form of (=3—8 compound (—g—20are similar (sedable 3—-1, 3-2. Adding

one carbon length between the benzoic acid moiety and the di-myaemyb moiety
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didn’t change the MIC value significantly. However, anaB¢2 which had only one
myrtenyl group attached to the nitrogen atom was inactive. Théeatgéness of
platensimycin/platencin against gram negative bacteridéas ascribed to efflux pumps
in gram negatives that reduce the intracellular concentratiorigso€lass of antibiotics
[297]. Consequently, co-administration of efflux pump inhibitor, Phe/Arg-
naphthylamide dihydrochloride (FBAID), potentiated the effects of our new analogs on
E.coli. In the presence of FAID at 128ug/mL, the MICs of compoun8 and analogs
were 2-8ug/mL. Interesting, these MICs were even lower than that oémpéanycin in
the presence of RAD (seeTable 3-2).

In summary, we illustrate that biological function can be re@datith moieties
that are easier to install but which would not have been predictst len structure
homology design. Significantly, we report a new set of analogghvware exceptionally
simple to make (three linear steps from commercial matgriget they maintain
biological activities that are comparable to the natural compoundshvene typically
synthesized in over 15 linear steps. Ongoing work in our laboratawyriently focused
on investigating if these new platensimycin analogs targesahee biological targets as

those of platensimycin and platencin.

71



Chapter 4. C-di-GMP mediated biofilm formation in bacteria and

efforts towards anti-biofilm agents.

4.1 Endo-S-c-di-GMP, a conservative change to the phosphate moiety of c-dV8
4.1.1 Introduction

C-di-GMP signaling has become of interest in the developmesmtobiofiim or
anti-virulence drugs because it has recently been shown thagutates diverse
phenotypes in bacteria including biofilm formation [203]. Despitecth@ral role that c-
di-GMP plays in bacterial “lifestyle”, several aspects ho$ tsignaling molecule remain
far from being understood. For example, the so-called adaptorrmakeit bind to c-di-
GMP and transmit this binding event into processes, which leaidfibon formation, are
poorly characterized. Most of the c-di-GMP adaptor proteins, which lbese found so
far (for example the PilZ familylo not have any enzymatic activities of their own,
suggesting that they probably relay the c-di-GMP binding everd aitosteric
modulation of other enzymes that they associate with. Howevere thgsociated
enzymes or factors of c-di-GMP adaptor proteins have largely not foemd. An
interesting property of c-di-GMP is its ability to readily foimers, tetraplexes and
higher aggregates in the presence of cations [226,Z3vhlent cations such as
magnesium promote dimer formation in c-di-GMP whereas monovaleahgauch as
potassium promote the formation of tetraplexes and octaplexes @ lkeHdi[226,227].
This propensity of c-di-GMP to form tetraplexes or octaplexesj(&lruplexes) at
micromolar concentrations in the presence of cations (such agsnagnand potassium)
is intriguing because simple nucleotides (such as cGMP, GTP or)pdip6Got readily

form G-quadruplex structures at micromolar concentrations. Plausibéy, facile
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interconversion of c-dsMP into different aggregation states (especiallyhi presence
of cations) could be a means whereby eria regulate biofilm formation in the presel

of different metals.
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Figure 4-1.a) Structures of -di-GMP (4-1, left) and endo-S-c-dsMP (4-2, right)
monomer. The structure was optimized by Gaussiaso@@var{298] with HF/€-31G(d)

basis set; b) two general conformers-di-GMP and analogs (open and clos

Understanding the structural features which allc-di-GMP to readily forn
aggregates is important for the fundamental undedshg of how diferent nucleic acid
adopt different architectur, as well as fomproviding insights into how this importa
bacterial signaling molecule-di-GMP) achieves its interesting polymorphism. We
been particularly interested in-quadruplex formation by c-dsMP and how this is s

73



readily achieved when the dinucleotide pGpG does not so readityifbermolecular G-
guadruplexes. As both c-di-GMP and pGpG contain guanine bases, whicyaired
for the formation of the G-tetrad plane found in G-quadruplexes, rkéasonable to
assume that other structural features found in c-di-GMP, but rtbeihnear pGpG, are
responsible for the enhancement of G-quadruplex formation. Heremreweal that small
changes to the phosphodiester backbone of c-di-GMP (0.92 A increaskee in
circumference of the backbone rirf§gure 4—19 remarkably decrease the propensity to
form G-quadruplexes. We show that a c-di-GMP analog which has @he okygens in
the 5’-bridging phosphodiester linkages replaced by sulfur (endot&Me (4-2),
Figure 4—-1b has altered biophysical and biochemical properties, distinct tinose of
c-di-GMP.

One general strategy that is typically used by drug developmerdiscover
antagonists of signaling molecules is to modify the signalinggecate to afford analogs
[299] that still maintain the ability to bind to the receptors that signaling molecule
binds to but unable to activate the receptors for biological functioorder to develop
effective c-di-GMP analogs, which will be used to antagonizec¢tiens of c-di-GMP, it
is of interest to determine which functionalities on c-di-GMP cdugd modified to
maintain binding to c-di-GMP processing proteins, without triggeprugesses that lead
to biofilm formation. The aggregation of a c-di-GMP antagonist inghdn aggregates
would reduce its effective molarity. Therefore, we initiatedagmam to determine which
moieties on c-di-GMP facilitate aggregate formation. C-di-GIR twelve-membered
ring with limited conformational flexibility. The crystal stture of c-di-GMP reveals

that the torsion angles found in this macrocycle are simildhdse found in standard
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linear RNAs, implying that the ring structure imposes littleno torsional stress to this
molecule [300].

The ability of c-di-GMP but not linear pGpG, to readily form dimmand G-
guadruplexes at micromolar concentrations prompted us to hypothesizbethatk of
conformational flexibility in c-di-GMP, coupled with the low torsiorsttess in the
macrocycle poise this molecule to make aggregates, such asd@&qgeaes or dimers
(Figure 1-16. As a starting point to determine if the 12-membered ringd#¥GMP is
critical to its biophysical (aggregate formation) as wadl biochemical (binding to
receptors) properties, we chose to study a very close anatedi-@3MP, referred in this
thesis as endo-S-c-di-GMB—2).

The replacement of oxygen at the bridging positions in phosphate dmkag
nucleic acids can be considered conservative; Kool has shown thiaetimal stabilities
of DNAs containing phosphodiester linkages have similar thermallisésbas native
DNAs [301] Enzymes, such as Klenow DNA polymerase or T7 RNA polymerase, ca
utilize templates containing phosphothioates as effectively ag thastaining native
phosphodiester linkages and no pauses were observed at the phosphotitesstbes

these replicative enzymes were used [301].

4.1.2 Synthesis of endo-S-c-di-GMP.

The synthesis of endo-S-c-di-GMB—Q) is summarized irScheme 4-1(22%
overall yield from commercially available phosphoramidit€d. The key step for the
synthesis of4-2 is the phosphothioate—iodide macro-ring closure, developed by Kool
[302]. It has been shown by several researchers that the “bridgiogitions in the

phosphate linkages of both DNA [303-3@rd RNA [308-311¢an be replaced by sulfur
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to give phosphothioester linkages. In DNA, 5-phosphorothioester linkagestatyke
[301] whereas for RNAs, 5’-phosphorothioesters are about six fold nate than the
natural phosphodiester linkages at pH 7 [3@8jhough endo-S-c-di-GMP4(2) also
contains 2'—OH (the functionality that is responsible for faciitahydrolysis in RNA) it
is stable at neutral pH because the cyclic structureigasithe phosphate moiety more
than 3.3 A away from the 2’—OH, making it impossible for the 2'-OHnidoeS-c-di-

GMP to participate in an in-line cleavage reaction [312].
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Scheme 4-1Synthesis of endo-S-c-di-GMPIH2). Conditions: a) cyanoethyl alcohol
(5.0 eq.), imidazolium perchlorate (3.6 eq.), 6 h, then Beacauge rdadermq.), 1 h,
MeCN, RT; b) dichloroacetic acid (11-14 eq.), i, 10 min, 60 % over two steps; C)
phosphoramidite—3 (1.5 eq.), imidazolium perchlorate (4.7 eq.), theBuOOH (9.3
eg.), MeCN, RT, 6 h; d) Me(Phe®'I” (5.3 eq.), 2,6-lutidine (20 eq.), DMF, RT, 1 h, 61
% over three steps; e) ammonia, RT, 24 h; f)J8HF (20 eq.), MeCN, RT, 12 h, 59 %
over two steps. DMF = dimethylformamide.
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4.1.3 Polymorphism of c-di-GMP and endo-S-c-di-GMP

C-di-GMP can exist in myriads of conformatioifiese conformations can be
generally categorized as “closed” (the two guanine basemdtee same face) or “open”
(the two guanines are on opposite faces). Calculations using GaQSssoftware with
HF/6-31G(d) basis set revealed that the ground state conforrnoettig8MP is an open
conformer whereby the C5s of the two guanines are 13.5 A apart.“Closed”
conformer of c-di-GMP, where the two guanines are parallel apdrated by 6.8 A, is
biologically relevant and found in the active site of many cliFGhinding proteins (for
recent examples see protein databank (PDB) crystal struikings [229], 3KLO [313]
and 3I5A [314]). Computational studies revealed that the torsion angle [300] of endo-S-c
d-GMP is different from that of the native c-di-GMHaple 4-1). From these
computational studies, we predicted that the aggregative behavior oSerxdde GMP

would be different from that of c-di-GMP.

Table 4-1. Backbone torsion angles for computed c-di-GMP and endo-S-c-t-GM

structures.
Angle, degrees
o p Y Y & ¢
_ opef | 72.3| -163.9 504 96.1 -161/5 63.6
c-di-GMP*
closed | 79.7| -151.9) 55.1 83.2 -179/4 64.9
, opeﬁ 63.9| -146.6/ 58.9 943 -164|]1 6438
endo-S-c-di-GMP -
closed | 68.5| -137.6| 64.5 80.6 —179/9 659
linear RNA 73.8| -168.2| 62.2 81.6 -147]1 639

The dihedral angular notations are determined as follows: a}f¥305-£-C5
C4--C3-+-03“P—05’; b) 03—P+S4C5-C42-C3--03-“P—05"; ¢) These are
average values, taken from PDB 3MXH; d) C5-C5 of the guaninek3abed apart; e)
C5-C5 of the guanines are 6.8 A apart; f) C5—C5 of the guanind4.&rd apart as the
most stable conformer.
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It is expected that the “closed conformer” of c-di-GM#-1) or endo-S-c-di-
GMP (4-2) would more readily form dimers or G-quadruplexes than the open conformers
of c-di-GMP and endo-S-c-di-GMPFigure 1-169. This is because in the closed
conformation of both c-di-GMP and endo-S-c-di-GMP, the two guaninesuatably
positioned for mutual intercalation (diméfigure 1-19 or for forming G-quadruplexes
(Figure 1-169. One can therefore reliably predict the relative aggregatioperty of a c-
di-GMP analog by comparing the relative energy difference betilee “closed” and
“open” conformers of an analog to that of c-di-GMP.

Computational studies done on both c-di-GMP and endo-S-GdP (both gas
phase and using a solvent model) revealed that c-di-GMP is rkele (i three times) to
form a “closed” conformer than endo-S-c-di-GMP (see Table 2). piladiction was
verified experimentally; thetHNMR spectra of triethylammonium c-di-GMP and endo-S-
c-di-GMP show that both compounds exist as monomeric forms at 20 the absence
of monovalent cations such ad (eeFigure 4-2cand4-39. The'HNMR spectrum of
c-di-GMP (which is C2 symmetric) shows two singlets at 28d 7.96 ppm, assigned to
the anomeric H1’ and guanine H8 protons, respectivegu(e 4-29. Endo-S-c-di-GMP
is not C2 symmetric, due to the presence of one “bridging” swdfom in the
phosphothioate moiety and therefore the two anomeric H1' as well as theawog H3
in endo-S-c-di-GMP are chemically non-equivalent and have diffetestical shifts
(Figure 4-39. The guanine H8 in endo-S-c-di-GMP appears as two singlets of equa
intensities at 7.90 and 8.02 ppm, and the anomeric H1' in endo-S-c-digppHars as a
singlet at 5.95 and a doublet at 5.85 pphgyre 4-39. Upon the addition of 200 mM

K™ to c-di-GMP, the intensities of the peaks at 7.96 and 5.87 ppm aredealnd other
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peaks appear around 7.96 and 5.87 pigufe 4—-2b). These peaks are attributed to the
different aggregates of c-di-GMP because upon heating the sa@0€@ (which will
break all aggregates), the multiple peaks disappear and new singlet peaks radl .39 a
ppm appear (corresponding to the guanine H8 and the anomeric H on c-di-GMP
respectivelyFigure 4—29. The shift in ppm values for monomeric c-di-GMP is expected
as temperature affects ppm values [315]. Based on integration of the peak$iNNR
spectrum of c-di-GMP in a buffer containing 100 mM potassium catdrz)°C, we
estimate that only 14 % of c-di-GMP exists in the monomerim fonder this condition
(Figure 4-2b). On the other hand, upon the addition of 100 mMtd<endo-S-c-di-GMP,

43 % of the monomeric form still remains in the solution (compayares 4—2and4—

3). It therefore appears that c-di-GMP has a higher propetosftyrm aggregates than
endo-S-c-di-GMP and it is remarkable that a single conservatibstitution in the

phosphate moiety can result in such drastic consequences.

Table 4-2. Energy difference between “open” and “closed” forms of c-di-GMHE a
endo-S-c-di-GMP.

AE®S (open—closed)| AE* (open—closed) ratio (open : closed)
kcal/mol kcal/mol gas phase | solution phase
c-di-GMP -1.9 1.9 24:1 1. 25
endo-S-c- , )
OND 2.8 1.3 113:1 1:9

a) The electronic energy (in the gas phase) was computed \aiitks@n 09
software [298] with HF/6-31G(d) basis set; b) The solvent effeét,O was calculated
with Onsager’s model in a self-consistent reaction field &ggporting Information for
details); c) the ratio was determined from the equilibrium teont&, obtained from the
equationAE = —RT InK (T = 298 K).
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In order to determine the nature of the aggregation states otit&MP and
endo-S-c-di-GMP, DOSY experiments were conducted (see Appendor & brief
introduction). Following literature precedent, the diffusion constanteeo¥arious c-di-
GMP/endo-S-c-di-GMP aggregates were obtained via analysigbf rElaxation [316].
According to the Stokes-Einstein equation, the hydrodynamicofnaht coefficients or
the diffusion constant D k¥ T / (6 = n R), wherek is the Boltzmann constant, T is the
temperaturey is the solvent viscosity and R is the radius of the molecular espher
therefore follows that the diffusion constant is inversely propaoadi to the radius of the
molecule (or aggregate). The diffusion constants of c-di-GMP and ®&mddi-GMP in
their monomeric forms can be obtained via DOSY experimante absence of added
metal cations Kigures 4-2¢ 4-2d 4-3c and 4-3d). Based on the obtained diffusion
constant for monomeric c-di-GMP or endo-S-c-di-GMP, the diffusmmstants for the
dimeric, tetrameric and octameric forms can be predicted, asioglated radii of these
aggregatesHigures 4-2d 4-3d and Section 6.5.2). The monomer, dimer, tetramer and
octamer of c-di-GMP or endo-S-c-di-GMP are denoted as MBifddlecular, consistent
with previous report ref [227]), T and O, respectivelyrigures 4—2band4-3b. For c-
di-GMP, the majority of the aggregates in the presence "ofr& tetrameric (T) and
octameric (O) [227], with predicted diffusion constants at 2.01°Hnhd 1.62 x 10°
m%/s; the experimental diffusion constants of the tetramer aramectforms of c-di-
GMP (obtained from the DOSY experiment) are 1.91 x*“1and 1.60 x 1G° m?/s,
respectively. For endo-S-c-di-GMP, the only identified aggredate s the presence of
K* was dimers (B), with the predicted and experimental diffusion aotssat 2.07 x 10

19and 1.93 x 13° m%s, respectively (Section 6.5.2).
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The relative conformations of the guanine H8 and anomeric H1' detegmined,
following previous reported method [227]. Guanine H8 and anomeric H1, igythe
conformation, are expected to exhibit strong positive NOE effedtereas guanine H8,
in the anti conformation, is expected to show a much weaker NOE effect tivgh
anomeric H1 (Section 6.6.1). Thsyn or anti relation was denoted as’“or “a’ in
Figures 4-2band4-3b, respectively. For exampleaBepresents a dimeric endo-S-c-di-
GMP with the H1’ and H8 in aanti conformation irFigure 4-3h

Circular dichroism (CD) is a powerful tool for identifying thggaegation state of
nucleic acids [227,317,318]. Although CD cannot give detailed molecular s&wft@-
quadruplex (tetramolecular or octamolecular complexes), it carséd to qualitatively
determine if a G-quadruplex is present in solution. Jones has shatva positive CD
peak at around 310 nm is indicative of tetramolecular or octamolecolaplex
formation by c-di-GMP [227]. This CD signature which indicates pghesence of c-di-
GMP tetramolecular or octamolecular complexes was corroloonate NMR studies by
Jones group.

The CD (circular dichroism) spectra of c-di-GMP (under diffeanrtditions) are
also remarkably different from that of endo-S-c-di-GNHRyQre 4—4). In the presence of
potassium cation, c-di-GMP (100 uM) forms G-quadruplexes (a posibvpeak around
310 nm is indicative of G-quadruplex formation in c-di-GMP, Begire 4—4aand also
reference [227]). However, the CD spectra of endo-S-c-di-GMP (100 inMhe
presence of various monovalent cations "(N&", Li") do not show any sign of G-

guadruplex formation (no positive peak around 310 nmFapare 4-4b). Even when
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the concentration of en-S-c-di-GMP is increased to 200 puM, no-quadruplex

formation is observed~{gure 4-40).
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Figure 4—4.CD spectra of-di-GMP and endo-S-c-di-GRL Conditions: 1°C, [MCI; M
is Li, Na or K] = 1.0 M, 10 mM Tri-HCI (pH 7.5). a) 100 uM c-dcMP; b) 100 puV
endo-S-c-diGMP; ¢) 100, 150 and 200 uM of er-S-c-di-GMP in 1.0 M of KCI

4.1.4 C-diGMP and endc¢-S-c-di-GMP binding to metabolism and “adaptor”
proteins

Having established via NMR and CD studies that -S-c-di-GMP has a lowe
propensity to form aggregates (dimers and tetragslexwe proceeded to investigate
endo-S-c-diGMP would bind to proteins that have been previpskiown to bind tohe
native c-diGMP. Most of the crystal structures «di-GMP, bound to various proteir

reveal extensive interactions between the protesidues and the phosphate .
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nucleobase moieties of c-di-GMP. For example, the phosphate mmétedi-GMP
interact with Arg479 and GIn596 of the EAL domain of FimX [202,228] (from
Pseudomonas aerugingsand binds monomeric c-di-GMIFjgure 4-59 The majority

of c-di-GMP binding proteins, whose crystal structures have been deposited in tire prote
databank (pdb), bind to dimeric c-di-GMP. In the majority of theseires, the protein
residues interact with the phosphate moiety of c-di-GMP. Theatistsucture of dimeric
c-di-GMP bound to VpsT [313,319] (a transcriptional regulator fkangholeragreveal
that Thrl33 and Argl34 as well as other residues make specdraatibns with the
phosphate groups of c-di-GMP. Similarly, Arg123 and Asnl124 of P4397 (a MBI-G
“adaptor” protein containing the PilZ domain [209,229]) interact with the pitade
moiety in dimeric c-di-GMP Kigure 4-5b). Most diguanylate cyclases contain an
inhibitory site (I-site) that allosterically modulates thentkesis of c-di-GMP [320].
WspR, a DGC fronPseudomonasaeruginosaalso contains the I-site and analysis of a
crystal structure of WspR bound to dimeric c-di-GMHARg(re 4-53 [314] reveals
specific interactions between the protein and the phosphate group fowadi-GMP

(Figure 4-50 [321].
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Figure 4-5.a) Dmeric ¢-di-GMP, bound to WspR (DGC) (PDB cod%5A); b)dimeric

c-di-GMP, bound td?4397 (PilZ domain) (PDIcode: 3KYF); c)monomeric -di-GMP,

bound toFimX (EAL domain) (PDBcode: 3HV8); d) monomeric d-GMP, bound to
TBD1265 (EAL domain) (PDIcode: 3N3T).

Are these phosphé&éprotein residue interactions important fediecGMP binding
and how much do these interactions contribute eoadberall binding of -di-GMP to
metabolism and processing proteins? To answerlibeeaquestion, we investigated f
biological profile of end-S-c-di-GMP binding towards wetlharacterized -di-GMP
interacting proteins frorP. aeruginosaincluding WspR@a DGC protein[322], RocR (a
PDE protein) [220]and Pilz-domain containing protein Alg44 [323WspR has bee
shown to be a potent DGC that promote biofilm faioravia synthesis of-di-GMP. As

with a number oDGC, WspR has ar-site that binds c-dsMP on the opposite fac
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from the catalytic site to inhibit the diguanylate cyclasévity. RocR is a potent PDE
that has been shown to inhibit the expression of chaperone-usher ppatheipate in
biofilm formation [324]. Alg44 is a gene encoded in #ig operon that binds c-di-GMP
and this binding is required for the production of the alginate polyaadeh The
interaction of Alg44 to c-di-GMP is well studied through isothermabrimetry and
filter binding assays [221]. To assess the effect of endo-3=dvil?; the compound was
tested for its ability to inhibit the DGC activity of WspR,dompete for cleavage by the
PDE activity of RocR and to compete for binding to Alg44 by thiedahromatography
(TLC) or filter binding assay. The effect of endo-S-c-di-GMBs compared to c-di-
GMP, which blocks all three protein activities, and cGMP, which doesffect any of
the proteins. In the presence of endo-S-c-di-GMP (1 mM), WspR (bipNris buffer
converted 70 % of GTP (8 nM) into c-di-GMP. 1 mM of c-di-GMP was én@w able to
inhibit WspR from converting GTP into c-di-GMFigure 4—6). Similarly endo-S-c-di-
GMP failed to displace radio-labeled c-di-GMP from Alg44 wheedsGMP was able
to displace radio-labeled c-di-GMP from Alg4Biqure 4-7). Endo-S-c-di-GMP did
however bind to RocR, evident by the inhibition of RocR cleavage of rabdeddd c-di-
GMP in the presence of endo-S-c-di-GMfglre 4-8. In the case of RocR, endo-S-c-
di-GMP was almost as effective at competing with radiokabe-di-GMP as c-di-GMP.
In the presence of €a[199], PDEs do not cleave c-di-GMP. Therefore, to determine the
binding constant for c-di-GMP/endo-S-c-di-GMP and RocR, we addéd(EanM) to
the binding buffer. Unlabeled c-di-GMP could compete with radio-labeldi-GMP (5
nM) binding to RocR (5uM) with an IGy of 236 nM, whereas endo-S-c-di-GMP

competed with radio-labeled c-di-GMP with ansd®f 431 nM Eigure 4-83. The
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cleavage site of endo-&di-GMP was exclusively lsserved at the natural phosphate
not the endo-$hosphothioate bridg(Figure 4—-8band Section 6.4.2And the fact tha
the RocR enzymatic cleavage occurred also proashie binding of enc-S-c-di-GMP

with RocR protein.

a Competitor:  none c-di-GMP (1)  endo-S-c-di-GMP (2) cGMP
=PI PRI B by
c-di-GMP == NN RN e

Time(min): 0 1 5 153060 0 1 5153060 01 5153060 0 1 5 153060

b == none

1.Om =@= c-di-GMP (1)

== endo-S-c-di-GMP (2)
0.8« =HA=cGMP

0.6+
0.4+

0.2+

Fraction converted to c-di-GMP

0 20 40 60 80
Time (min)
Figure 4—6. Inhibition of c-di-GMP synthesis by WspR with guan-containing
nucleotides. a) TLC of reaction mixture at diffdretime points. Initial reactio
conditions; WspR, raditabeled GTP and unlabeled c@MP or end-S-c-di-GMP or
cGMP orno added nucleotide inhibit; b) gaph showing fraction of rac-labeled GTP

that was converted into ra«-labeled c-diGMP in the presence of inhibit
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GMP (see Section 6.4.2)
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The studies presented herein reveal that proteins that bind to cHiu@hze the
phosphate moiety of c-di-GMP as an important recognition elementcrystl structure
of c-di-GMP bound to the EAL domain of FimX shows the dinucleotide bounHdein t
“open” conformer (Figure 6¢ and d) whereas c-di-GMP is bound to mo€sZ@&d PilZ
proteins in the “closed” conformer (see Figure 6a and b). RoclRdascrystallized but
its structure not solved [325]. However, Retoal. have computed the structure of RocR
and shown that the computed structure binds to monomeric c-di-GMP, ghictthe
“‘open” conformer [326] Interestingly, endo-S-c-di-GMRBR-2 (which has a lower
propensity to form a “closed” conformer) could only inhibit an EALteonng protein,

RocR, and not DGC or PilZ containing proteins (WspR and Alg44 respectively).

4.1.5 Conclusion

C-di-GMP analogs that can selectively inhibit c-di-GMP meitabobr “adaptor”
proteins will become useful tools for modulating c-di-GMP sigmgiim bacteria. To
readily cross the bacterial cell membrane, it is desiraide such analogs are not
charged. In this work, a conservative modification of one of the phospiuigties in c-
di-GMP (by replacing only one of the “bridging” oxygens in gi®sphate linkages in c-
di-GMP with sulfur) gives an analog, endo-S-c-di-GMP, whichermmarkably different
(biophysically and biochemically) from c-di-GMP. This suggesiat tthe phosphate
moieties in c-di-GMP play important roles in aggregate forma®mwell as the binding
of c-di-GMP to metabolism and processing proteins. It appeatsthie interactions
between proteins’ residues and the phosphate moieties in c-di-GMiportant for
binding. Therefore, it is tempting to speculate that the amino dbatscontact the

phosphate moieties are partial determinants of c-di-GMP binditigetso-called adaptor
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proteins. Future directions are aimed at mutating these residuedi-@MP proteins to
determine if they are indeed determinants of c-di-GMP binding to adaptor prdtease
experiments are beyond the scope of this current Ph.D work. Adaptomprtitat bind
to c-di-GMP are poorly characterized but they are thought of d&atoes of c-di-GMP
action. Understanding the determinants of c-di-GMP binding to protelhsid in the
prediction of c-di-GMP binding proteins as well as providing designciples for the
construction of c-di-GMP antagonists.

C-di-GMP interacts with numerous proteins and has pleiotropictefien the
bacterial cell. The effect of endo-S-c-di-GMP allows setednhibition of proteins that
bind the open form of c-di-GMP. This provides the basis for rationalgrde$ small
molecular inhibitors that only act on specific proteins in the GdiP pathway. Future
studies may also reveal selective inhibition of the proteinsbthdtthe closed form of c-

di-GMP.

4.2 Design and syntheses of c-di-GMP analogs

4.2.1 The design of the c-di-GMP analogs

The previous section highlighted that conservative changes to the pleosphat
moiety of c-di-GMP remarkably affect structure and biologiadfile. To gain more
insights into which of the functionalities in c-di-GMP are import@ntbinding to c-di-
GMP signaling proteins, we extended our studies to look at how moidifisab the 2’-

OH of c-di-GMP could affect the structure and biological profiléhaflse analogs. Four
sugar puckering conformations of ribose and deoxyribose can exisguifibeum
(Figure 4-9, [327]). The ribose unit in c-di-GMP adopts a 3’-endo, 2’-pMokering; the

3’-carbon and the nucleobase lie on the same face, whereas tadb@'dies in the
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opposite face [328]. The electronic properties and the size of fn@@ionalities have a
great effect on the sugar puckering modes [329]. The 2’-OH sarpaltake in hydrogen
bonding interactions with the macromolecular receptor that binds t&6Aéi (e.g. PDB
code: 3HV8). Six analogsA{52 to 4-57) were synthesized following Jones’ protocol
(Figure 4-10 [330].

In compoundgl-52and4-53 the 2’-OH group in c-di-GMP is replaced with 2’-
OMe and 2'-H, respectively4-52 is expected to adopt a 3’-endo, 2’-exo puckering
(similar to c-di-GMP) but the OMe group can only act as a hlgehrdoond acceptor and
not donor (unlike c-di-GMP, for which the 2’-OH can act as a hydrogen &daceptor or
donor). Also the 2’-OMe group is bigger than the native 2’-OH. Conseguamilog4-
52 is ideal for probing the effect of the 2’OH group in c-di-GM#compoundt-53 the
2’-OH is replaced with a 2’-H. It was expected tHab3 would adopt all puckering
modes available to it (similar to the puckering modes in 2’deoxynudé=nti329]).
Compound4-53 would, therefore, be ideal for investigating how the sugar puckering
mode affects the biophysics as well as the biology of c-di-GME. hAve already
mentioned that the conservative substitution of the phosphate moiety e&MRIi
affords an analog that has a lower propensity to form aggre@eeson 4.1). To arrive
at c-di-GMP sugar analogs that also have a lower propetwsityrm aggregates, we
designed compound4-54 to 4-57 in which both the 2’-OH and one of the bridging

oxygens in the phosphodiesters are modifiedure 4-10.

] 2'
3 5 3 2' :
\ { 5
S Base } Base 5 Base Base
\A?/'] , 4 0 1' ¥/Ol/‘| ' n O; 1"
4' o o 4 3 3>

3'-endo 3'-endo,2'-exo 2'-endo 2'-endo,3'-exo
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Figure 4-9.Sugar puckering modes in ribose and deoxyribose.

c-di-GMP analogs with phosphate linkage
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Figure 4—10.Chemical structures of designed c-di-GMP and endo-S-c-di-GMP analogs.

4.2.2 Previous syntheses of c-di-GMP

The synthesis of c-di-GMP is non-trivial. The first prepamagynthesis of c-di-
GMP was probably reported by Dennis and Jones groups in 1985 with a phespérotri
strategy [331]. Dennis and Jones prepared cyclic di-UStthéme 4-2 cyclic di-AMP
and cyclic UMP-AMP and investigated their inhibitory activityaagt RNA synthesis
[331]. The highlight of their synthesis is a sulfonyl chloride (TH3nediated coupling
of an alcohol and a phosphate. This was followed by deprotection afytreethyl
group on phosphate with 4&t and a cyclization step, utilizing the same TPSCI for an

intramolecular reaction of a 3’-phosphate with a 5-OH of a dinucleoto afford a
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cyclized product4-12. After global deprotections with 2-nitrobenaldoxime (NBO) and
ammonia, cyclic dinucleotides (such dsl13 were obtained. Later, in 1987, the
Benziman et al. adapted this chemical synthetic strateggyfdhesizing cyclic di-GMP,
and they published a modified c-di-GMP chemical synthesis methad asdifferent
cyclization reagent (triisopropylbenzenesulfonyl nitrotriazoded protecting groups
[332]. In the following decades, Hayakawa [333], Jones [330], Sintim [83d]others
all contributed to a better chemical synthesis of c-di-GMP. mRicean enzymatic

synthesis of c-di-GMP using DGC fron coli also reported [335].

NH
C
o I-T)MT N (6]
o o
NH | NH
| H o)

cl b,CJ (0]
e

_P—0 TBS. —R—0
\\ \\
HOH QH o o e f H?__QH o 0 q o ol o %
Lﬁ W‘ ~— E W‘ ~ CI4< >~O—P=O NH
© L QHS of ° QHS oM o |

412 411
Scheme 4-2Cyclic di-UMP synthesis by Dennis and Jones [331]. ConditionsP&CT
(3 eq), tetrazole (9 eq) in pyridine, RT, 2 h; b) NEyridine, RT, 2 h; c) BSA (2 %),
CHCls: MeOH (7: 3), 0 °C , 20 min; d) TPSCI (6 eq), tetrazole (18 BJ, 5 h; e)
tetramethylguanidine (TMG)-nitrobenzaldoxime (NBO), in dioxane:@ (1: 1), RT,
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12 h, then, ammonia (37 %, aq), R0 °C , 12 h; f) TBAF in pyridine, RT, 3 h, then
pyridinium Dowex 50-X8, RT, 1 h.

Hayakawa’'s synthesis was a modified procedure of the DennisJanes’
strategy. The yield of the cyclization step was claimed tprawve, up to 75 %, by
changing the protecting groups on the phosphate [333]. We and others hawehoot
managed to obtain a high yield in the cyclization step [336]. Jgnesp also introduced
an H-phosphonate strategy [226cheme 4—3 Firstly, guanosine phosphoramiodtel5
and phosphonaté-16were prepared by coupling a common starting maté+ia with
phosphoramidite and phosphorochloridite, respectively. The resulting phospharamidit
(4-15 and H-phosphonate4{16 were then coupled and oxidized, followed by
cyclization with an acid chloride4{£18. The final product 4-19 was achieved by
removal of the TBS group with NgBHF and global deprotection of tie-butyrate and
the cyanoethyl groups on the nucleobase and phosphate groups respectikiely wi
ammonia. Recently, the Jones’ group reported a gram scale synthesdi-GMP and
phosphothioate analog by using a modified H-phosphonate strategy thatrigiaally
reported by the group [316,330].
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Scheme 4-3.Jones’ H-phosphonate strategy for c-di-GMP synthesis. Conditions: a)
bis(diisopropylamino)cyanoethyl phosphoramidite, pyridinium trifluorceteet b) 2-
chloro-4H-1,3,2-benzodioxaphosphorin-4-one; c¢) pyridinium trifluoroacetateted}
butylhydroperoxide; e) sulfonic acid resin; f) adamantoylcarbambride; g) NBS,
MeOH; h) pyridine: ammonia (37 %, aq) (1:1); i) NBHF.

Taking advantage of solid-support synthesis, Sintim group proposed a teinisca
synthesis of c-di-GMP synthesiSdheme 4-% [334]. The synthesis is programmed
(steps a—dScheme 4-%1by DNA/RNA synthesizer and can be achieved automatically
before the macro-ring is closed. The DNA/RNA synthesizerpsaform four standard
commands: detritylation with an acid, coupling reaction with a phosphditand—22),
capping the trace amount of unreacted hydroxyl groups with araabitride, and an
oxidation reaction to convert phosphines into phosph&ekefne 4-%1 The synthesis
start from an ODMT modified CPG bedd20 (for synthesis see Section 6.1), and after
two complete cycles of synthesis with DMT-off mode (a—b—c—d—a—b—cSdhame 4-4
DMT-off mode means the product is DMT deprotected when the progednuycles
finish), a 5’-OH diguanosine4{-28 was produced on the CPG beads. After the CPG
linker was cleaved by BN, the ring was cyclized with a sulfonyltriazole (1-
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mesitylenesulfonyl-3-nitro-1,2,4-triazole) followed by a globalprdéection with

ammonia and NEBt3HF in sequence to yield the final product.
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Scheme 4-4Sintim’s solid support synthesis of c-di-GMP. Steps a—d were condoicte
the DNA/RNA synthesizer with a standard program. Reaction conditions: @&yldean:

6 % dichloroacetic acid in Gi€l,, RT, 45 s; b) coupling: phosphoramidite (0.1 g/mL),
ETT (0.25 M) in CHCN, RT, 90 s; c) capping: A© (10 v%), 2,6-lutidine (10 v%) in
THF (Cap A solution), theN-methylimidazole (10 v%) in THF (Cap B solution), RT, 30
s; d) oxidation: 4 (0.02 M) in water: pyridine: THF (1: 2: 7), RT, 30 s; e)Alnh
acetonitrile, then 1-mesitylenesulfonyl-3-nitro-1,2,4-triazole (@)lin pyridine, RT, 48

h, then filtered; g) NEOH (28 %), RT or 40 °C, 14 h, then filtered; h) MBHF (20 eq.)
in pyridine, 40 °C , 4 h. HPLC purification was conducted for the final products.
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4.2.3 The synthesis of the designed c-di-GMP analogs
We choose the solid-supported strategy [334] for synthesinidg-8-c-di-GMP

analogs (se8cheme 4-5and solution phase strategy [330] for synthesizing natural c-di-
GMP analogs. The advantages of preparing c-di-GMP analogs ondassgppiort are
numerous: i) the intermediate can be simply purified by washihgnoéacted reagents
with organic solvents, rather than by using tedious column chromatogoapHPLC
purification; and ii) most reactions can be pre-programmed in A/RNA synthesizer
and, hence, easier to execute. For the synthesis of endo-S-cRli-@&Mlogs,
sulfurization was achieved using Beaucage reagent. The mechamigmotphothioate
using Beaucage reagent, oH-3,2-benzodithiole-3-one 1,1-dioxide is illustrated in
Scheme 4-61§337].

In summary, eight c-di-GMP analogs (including the natural cMPG-igure 4—
9) were synthesized without incident. The characterization of tieavP analogs are
referred to Section 6.4. The ongoing work by a new Ph.D student in tiva &iboratory
is to characterize the synthesized c-di-GMP analogs, using bofthylsical and
biochemical techniques. These experiments are expected to provide imsayhts
regarding the pharmacophore units on c-di-GMP that are importafirfding to the

different classes of c-di-GMP binding proteins.
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Scheme 4-5Solid-support synthesis of dinucleotides and cyclization in solutiorephas
Steps a—e were conducted on the DNA/RNA synthesizer with relasth program.
Reaction conditions: a) detritylation: 6 % dichloroacetic acid k@, RT, 45 s; b)
coupling: phosphoramidite (0.1 g/mL), ETT (0.25 M) in M, RT, 90 s; c) capping:
Ac,0 (10 v%), 2,6-lutidine (10 v%) in THF (Cap A solution), tiémmethylimidazole
(10 v%) in THF (Cap B solution), RT, 30 s; d) sulfurization: Beaucaggent (10
mg/mL) in CHCN, RT, 15 min; e) oxidationz(0.02 M) in water: pyridine: THF (1: 2:
7), RT, 30 s; f) methyltriphenoxyphosphonium iodide (20 eq.) in DMF, RT, 45than,
filtered; g) NHOH (37 %), RT or 40 °C , 14 h, then filtered; h) BBHF (20 eq.) in
pyridine, 40 °C , 4 h. HPLC purification was conducted for the final products.
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Chapter 5. Conclusions and future directions

5.1 FAS inhibitors

In this dissertation we have highlighted an unsavory truth thatrevena never-
ending battle with bacterial pathogens. Solving this bacterigtaese problem demands
the combination of several disciplines, from synthetic organic dtgnto biochemical
characterization of ligand protein interactions and then to maady. Fatty acids are
important building units in both human and bacterial cells. However theneszthat are
responsible for fatty acids in humans are different from those foondacteria,
presenting a great opportunity to target FAS enzymes for amtibitgvelopment.
Platensimycin and platencin are newly discovered potent badi&&inhibitors. In the
early part of this dissertation, we demonstrated concise synitedtegies to access
platensimycin-like molecules (such as compo@a®, Figure 5-1) and showed that
although the tetracyclic core of platensimycin was initigdhpught of as not been
important for the drug’s action, conservative modifications to ring can sometimes
abrogate the drug’s affinity for the FabF enzyme. Istergly, using function-oriented
synthetic approach [338-343], we also demonstrate that analogs whieeeteyracyclic
core unit of platensimycin is drastically altered (such aspoomd5-3 Figure 5-1) can
also have good antibiotic profile. We have therefore identified aakesg of antibiotic

class, calledN,N-dialkylamine benzoic acids (such as compo&if8).
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Figure 5-1 Structures of platensimycirb€1), oxazinidinyl platensimycin5-2) and

-2

myrtemycin 6-3).

5.2 Development of dynamic ring-closing metathesis

En route to making platensimycin-like compounds, we uncovered conditidns tha
allowed for ring-closing metathesis, under dynamic conditions.dyhamic ring-closing
metathesis is a one-pot reaction in the presence of both rutheniuancantpatible base.
The dynamic ring-closing metathesis (RCM) permitted theaiseither diastereomers
cis-2—-34 or trans2-34to be used for a ring-closing reaction. Normally RCM requires
that both alkenes on cyclic structures to be on the same side, dyutaenic RCM
combines epimerization and the ring-closing reaction in one pot and thereby ohiating
need to have both alkenes on cyclic structures to be on the samsesiBicheme2—-11).
The product obtained from our dynamic RCM proced2+&3 contains a bicyclo[3.2.1]
moiety that is not only found in platensimycin but also in many otleodically active
molecules Figure 5-2). Thus the dynamic ring-closing metathesis would be a dgenera
way to construct these molecules. Future development of the dyRaDhicto shorten
the reaction time as well as reduce the catalyst loadingnweke this methodology

attractive for others to use for the synthesis of complex molecules.
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Figure 5-2 Selected natural products that carry a bicyclo[3.2.1] moiety.

5.3 Biofilm formation in bacteria

C-di-GMP, dubbed a master regulator in bacteria is criticatdoeral processes,
including biofilm formation. As bacterial biofilms are known to corgezater antibiotic
resistance, when compared to bacteria in the planktonic state,ndétural that the
scientific community is now focused on finding means to interrtgt@MP signaling in
bacteria. Despite years of active research in the c-di-GMP fielgittex is known about
the functionalities on this important molecule that could be altereghieve specificity
in c-di-GMP binding to the different binding proteins. In this disgem, we provide a
general solution to this long-standing problem by demonstrating dhat can use
conformational steering to design c-di-GMP analogs that canfispflg inhibit one
class of binding proteins and not others. This is a first in theé, fie the best of our
knowledge and lays down the foundations to design other c-di-GMP analatisr the
biofilm phenotype. The challenge now is to design analogs that will prefelefdrah c-
di-GMP dimers and only inhibit DGCs and PilZ-type adaptor prot#ias are involved
in the production of biofilm-related matrix. Future work in the Sirgnoup will examine
the biophysical as well as biological properties of the c-di-GiMBlogs4—-52to 4-57,

that were prepared during this PhD project.
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Chapter 6. Experimental Section

6.1 General procedure
6.1.1 General reaction conditions

Air and moisture sensitive reactions are explicitly indicatedthe reaction
procedures. Reactions were carried out in oven-dried glasswargealed with rubber
septa under a positive pressure of anhydrous argon or nitrogen. Aflosophase
reactions were all stirred with teflon-coated magnetiic ksirs. Elevated temperatures
were obtained using silicone oil baths and monitored by a thermomisater.
temperatures were obtained by ice bath or by solid @& ice) mixed with organic
solvents such as acetone and acetonitrile. Organic solutions Wesa@ntrated using a
Bichi rotary evaporator with an aspirator pump. Trace amount of sawé@ngh boiling
point solvent was removed by treatment under high vacuum for 0.5-5 hours.
6.1.2 Preparation of the solvents

Anhydrous tetrahydrofuran was obtained by distillation over metsddium or
using a PureSolvent™ system prior to use. Dry dichloromethane, tolndngyadine
were distilled from Cablprior to use. Acetonitrile was first distilled over Gaahd then
dried overnight with activated molecular sieves (4A). DMF waslldi$ over CaCy
under a reduced pressure before stored with activated molemvas $4A) overnight.
Anhydrous benzene was purchased from Sigma-Aldrich and used “aBagassed
solvent was obtained by bubbling argon through the solvent (5-10 bubblescprd)s

and venting with a needle for 30 miaidure 6-1).
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Figure 6-1.The apparatus for solvent degass

6.1.3 Reagents

HoveydaGrubbs 1l catalyst andnhydrous Huinigs base (diisopropylethylamin
was purchased from Sigr-Aldrich. Triethylamine was driedver activated molecul:
sieves overnight prior to useChloro(methoxy)methanavas purchased from T(
America. Phosphoramidites and Beacauge reawere purchaseffom Glen Researc
or Azco Biotech. Sulfonyleth-ODMT modified CPG beads were synthesized
reported procedurg844] from the inexpensive 3-aminopropyl CR& ¢ 100 g scale
(Scheme 6-)L Solvents for silic-gel chromatography (ACS grade) and HPLC (HF
grade) were purchased from VWR. Other reagents \a#r@urchased from Sigr-

Aldrich or Acros.

[o]

O\
¢ Ko—s\ O
o 0 qo o, 0 o o \ﬂNH 0P 9 H S/_,o g
DMTO/\/S\/\OH 9o . DMTO/\/S\/\O)WOH - 2 DMTO/\/ \/\OMN\/\/ ~0
NEt;, DMAP BrCCly, PPhg o

Scheme 6-1Chemical synthés of sulfonylethyl-ODMT beads [344].
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6.1.4 Instrument

Thin-layer chromatography (TLC) was performed on Merck Kgedeb0 bsy
plates with a 365 nm fluorescent indicator. The TLC was visuhbgeJV light, KMnQ,
stain or acidicp-anisaldehyde stain followed by gentle heating. The crudeioaact
mixtures were purified by flash chromatography on silica 280{400 mesh) with slow
elution of a mixture of organic solvents, or by HPLC. A Varian 21§lesy was used
with a UV detector for all HPLC analysis and purification. Baenples were all filtered
by a 0.2 um syringe filter (PVDF or PTFE) prior to the injection.

NMR spectra were measured on Bruker AV-400, Bruker DRX-400, Bruker
DRX-500 or Bruker AVII-600. Data forH-NMR spectra are reported as follows:
chemical shift (ppm, relative to residual solvent peaks or irgticaxternal standards; s =
singlet, d = doublet, t = triplet, g = quartet, dd = doublet of doubléts, triplet of
doublets, dt = doublet of triplets, ddd = doublet of doublet of doublets, tdglet tof
doublet of doublets, dddd = doublet of doublet of doublet of doublets, m = multiplet),
coupling constant (Hz), and integration. Coupling constants were rounded ta. DatH
for *C-NMR are reported in terms of chemical shift (ppm) relativeesidual solvent
peak. HSQC (Heteronuclear Single Quantum Coherence), COSY el@dam
SpectroscopY) and selective NOE (Nuclear Overhauser effece also reported for the
structural elucidation purpose. DOSY (Diffusion Ordered Spectroycepgeriment
conditions refer to Section 6.6.1.

Mass spectra (MS) were recorded by JEOL AccuTOF-CS (iSltive and
negative modes) or Varian GC-MS (El, 70 eV). High resolution repsstra (HRMS)

for ESI spectrometer were calibrated with an aqueous solutiorslofTGe aggregated
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cation [Csl]” and anion [Cy]~ peaks were used as standard ES| positive anc
negative mode, respective

UV absorbance spectra were obtained on a JAS-630 spectrophotometer wi
1 cm path length cuvette, and CD experiments wemdopned on a JASCO-81
spectropolarimeter with 1 cm path length cuvettee Tncentration of a stock solutic
of c-di-GMP and end&-c-di-GMP was determined by the measuring of absorban
260 nm for c-diGMP and end-S-c-di-GMP, using 21,600 Mm* as a molar extinctio

coefficient for both compounc

Figure 6-2. a) A real photo of DNA/RNA synthesizer (photo credit: Dr. Blka
Nakayama). 1 -synthesis columns (up to four columns can be ilestgl 2 — control
panel; 3 phosphoramidites; — ETT (0.25 M) in CHCN with 4 A molecular sieves;—

Cap A solution (AgO (10 v%),2,6-lutidine (10 v%) in THF); 6 €ap B solution N-

methylimidazole (10 v%) in THF); — I, (0.02 M) in water: pyridine: THF (1: 2: 7);—

6 % dichloroacetic acid in C,Cly; 9 —anhydrous acetonitrile (with 4 A molecular siev
b) detail illustration ofa synthesis column. The column contains two sepgratts 1(
and 11, and each part contains a fritted glassastipipat can hold the CPG beads
allow the liquid reagents to pass through. Arountl @ CPG beads can be loadec
between the two frittedlass suppor. Bigger scale synthesis columns can also be 1
(The figure is modified fronwww.abrf.org/jbt/2000/September00/sep00bintzlerl)
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DNA/RNA synthesizer (ABI Applied Biosynthesis 392) was used to conduct the
pre-programmed synthesis of nucleotidég(re 6—2. Regular 1.0 pumol synthesis

program was used for all CPG-supported reactions.

6.2 Synthetic protocols for compounds in Chapter 2
3-(Benzyloxymethyl)cyclopent-2-enone (2—39)

0]

—OBn

(Benzyloxymethyl)tributylstannane was prepared (50 g scaley uke reported
literature method [345]. This reaction was air and moisture tsensio a solution of
(benzyloxymethyl)tributylstannane (13.0 g, 31.6 mmol) in dry THF (130 atl)78°C
under argonn-BuLi (1.6 M in hexane, 17.0 mL, 27.2 mmol) was added via syringe.
After stirring for 15 min, 3-methoxycyclopent-2-eno?e38(2.20 g, 19.6 mmol) in dry
THF (15 mL) was added dropwise within 10 min. A precipitate sonestiforms before
addition is complete. After stirring for 1 h, the reaction mixtwes allowed to warm to
room temperature and stirred at room temperature for an additional 4 h beforettlie m
was quenched with NJ€I (saturated agueous solution, 50 mL). The agueous layer was
then extracted with EtOAc (30 mL x 3). The combined organic layes dried over
MgSO, and was concentrated vacuo The crude material was purified by silica gel
column chromatographyr( = 0.35, hexane/EtOAc = 3:1) to afford prod2eB9(3.35 g,

84 %) as a pale yellow crystal. Prod@eB9showed black on TLC after staining with

anisaldehyde followed by gentle heating.
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'H NMR (400 MHz, CDC}) 6 ppm 7.52-7.15 (m, 5H), 6.17 (m, 1H), 4.56 (s, 2H) , 4.28

(s, 2H), 2.61-2.46 (m, 2H), 2.40-2.35 (m, 2H5C NMR (100 MHz, CDG)) § ppm

208.7, 177.7, 137.1, 128.7, 128.1, 127.5, 127.2, 72.7, 69.0, 34.4, 28.0. GCMS (El): 202
(M%), 173, 107, 91. IR (ci): 3072 (w), 2852 (w), 1699 (s), 1677 (s), 1625 (m), 1498
(w), 1437 (m), 1402 (w), 1265 (s), 1240 (w), 1143 (s), 1105 (m), 1024 (m), 971 (w), 868
(w), 735 (s), 699 (s), 628 (W).

(x)-5-Allyl-3-(benzyloxymethyl)cyclopent-2-enone (2—-40)

S 0]

OBn

This reaction was air and moisture sensitive. To a solution sdatopylamine
(2.0 mL, 15 mmol) in dry THF (50 mL) at —78 °C under argeBuLi (1.6 M in hexane,
8.2 mL, 13 mmol) was added dropwise within 10 min. After stirring for 39 tme
reaction mixture was allowed to warm to O °C. After stirfiaganother 1 h, dry HMPA
(2.5 mL, 8.6 mmol) was added via syringe, and the reaction mixtisecoaed to —78
°C. Enone2-39(2.44 g, 12.1 mmol) in dry THF (10 mL) was added dropwise within 5
min. The reaction mixture was stirred for 1 h at —78 °C bedtiye iodide (1.4 mL, 15
mmol) in dry THF (10 mL) was added dropwise within 30 min. Aftaristy for another
30 min, the reaction mixture was allowed to warm to room temperatmight. The
reaction mixture was quenched with MH (saturated aqueous solution, 30 mL), the
water layer was extracted with EtOAc (20 mL x 3). The combiogyanic layer was
dried over MgS@ and was concentrated vacuo The crude material was purified by
silica gel column chromatographi (= 0.40, hexane/EtOAc = 5:1) to afford prod@et

40 (1.83 g, 62 %) as a colorless oil. Some starting material eneB@was recovered
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(0.15 g, 8 %). The produ2t-40showed black on TLC after staining wigkanisaldehyde
followed by gentle heating. Byprodugt41lwas obtained (~ 25 %) as a colorless oil.

'H NMR (400 MHz, CDCJ) Sppm 7.43-7.27 (m, 5H), 6.22-6.17 (m, 1H), 5.74 (tild,

17.0, 10.0, 7.0 Hz, 1H), 5.07 (ddH= 17.0, 3.0, 1.5 Hz, 1H), 5.05-5.01 (m, 1H), 4.60 (s,
2H), 4.30 (dJ = 0.5 Hz, 2H), 2.72 (tdd, J = 19.0, 7.0, 1.0 Hz, 1H), 2.61-2.46 (m, 2H),
2.31 (d,J = 19.0 Hz, 1H), 2.20-2.10 (m, 1HYC NMR (100 MHz, CDG)) §ppm 210.3,

176.6, 137.3, 135.2, 128.5, 128.4, 127.9, 127.6, 116.8, 73.0, 69.3, 44.8, 35.3, 34.2.
GCMS (El): 242 (M), 136, 121, 91. IR (cm—1): 1695 (s), 1627 (m), 1440 (m), 1370 (w),
1265 (m), 1144 (s), 1106 (m), 1027 (m), 1000 (w), 913 (s), 854 (w), 740 (s), 697 (m).
5,5-Diallyl-3-(benzyloxymethyl)cyclopent-2-enone (2—-41)

O

N
OBn

'H NMR (400 MHz, CDC}) Sppm 7.42-7.28 (m, 5H), 6.28 (@, = 2.0 Hz, 1H), 5.63
(dddd,J = 17.0, 10.0, 8.0, 7.0 Hz, 2H), 4.98-4.90 (m, 4H), 4.78 (s, 2H), 2.66)(ed,

13.0, 7.0 Hz, 2H), 2.41-2.28 (m, 4H), 2.19 (m, 2¢ NMR (100 MHz, CDG) 5ppm

222.1, 140.8, 137.3, 134.4, 128.4, 127.9, 127.3, 118.2, 117.4, 73.9, 57.0, 40.5, 39.0, 23.5.
GCMS (El): 281 (M-H), 251, 214, 173, 91. IR (ci): 2861 (w), 1737 (s), 1641 (w),

1454 (w), 1270 (w), 1093 (s), 997 (m), 915 (s), 737 (M), 698 (S).

(¥)-2-Allyl-4-(benzyloxymethyl)-4-vinylcyclopentanone (2—34)
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This reaction is air and moisture sensitive. In a 250 mL round bottom flask, CuCN
(2.6 g, 29 mmol) was added and dried under high vacuum at 100 °C for 1 hth&fter
mixture had been cooled to room temperature, the flask was flughie@rgon before
tetravinyltin (3.5 mL, 19 mmol) in dry THF (100 mL) was added. Theture was then
cooled to —78 °C, ana-BuLi (18.0 mL, 1.6 M in hexane, 28.8 mmol) was added
dropwise within 15 min. After stirring for 30 min, the reaction tare turned greenish.
BF3-E£O (11.4 mL, 90.0 mmol) was then added via syringe and stirringgnced for 10
min before enon@-40(1.14 g, 4.70 mmol) in dry THF (10 mL) was added dropwise
within 10 min. After stirring for another 1 h, the reaction mixtwees allowed to warm to
room temperature overnight, and it slowly turned black. The reactiatune was
guenched with NECI (saturated agueous solution, 20 mL), whereupon the black color
disappeared to give a clear brown solution, and the water lageextracted with EtOAc
(15 mL x 3). The combined organic layer was dried over Mg8@ was concentratéal
vacua The crude material was purified by silica gel column chrography & = 0.40,
hexane/EtOAc = 10:1) to afford product (a mixtureigf andtrans-2-34 1.08 g, 85 %)
as a colorless oil. The produgt34 mixture showed black on TLC after staining wgth
anisaldehyde followed by gentle heating. The product ratio was desetrby GCMS
and'H NMR. cis2—-34:trans2-34= 1: 3.7.
'H NMR (400 MHz, CDCJ) §ppm 7.40-7.23 (m, 5H fdrans, 5H for cis), 5.95 (dd,J =
18.0, 11.0 Hz, 1H focis), 5.9 (dd,J = 18.0, 11.0 Hz, 1H fotrans), 5.79-5.66 (m, 1H for
trans 1H forcis), 5.15 (d,J = 11.0 Hz, 1H fortrans), 5.03 (m, 3H foitrans 3H for cis),
4.54 (s, 2H fotrans), 4.51 (d,J = 7.0 Hz, 2H forcis), 3.38 (s, 2H fotrans), 3.35 (ddJ

= 24.0, 9.0 Hz, 2H focis), 2.57-2.44 (m, 1H fotrans 1H for cis), 2.43-2.22 (m, 3H for
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trans 3H for cis), 2.07 (m, 2H fotrans 2H for cis), 1.77 (t,J = 12.0 Hz, 1H fortrans

1H for cis). **C NMR (100 MHz, CDGJ) §ppm 218.8, 218.5, 142.7, 141.6, 138.1, 137.9,
135.7, 135.7, 128.3, 128.3, 127.6, 127.5, 127.4, 127.3, 127.2, 116.5, 116.4, 114.5, 113.1,
76.3, 75.9, 73.3, 73.2, 47.0, 46.8, 46.6, 45.5, 44.9, 44.4, 37.4, 36.0, 35.2, 34.0, 31.8, 29.6,
29.6, 29.3, 27.8, 27.6, 26.8, 26.6, 22.6, 17.4, 14.1, 13.5, 13.5. GCMS (El): 179, 149, 136,
121, 107, 91.

(1)-(2S,4R)-2-Allyl-4-(benzyloxymethyl)-4-vinylcyclopentanonetfans2—-34)

Analytically pure2-34 was obtained by subjecting tlogs-/ trans- mixture to
Hoveyda-Grubbs Il catalyst. With this approach, only ¢ieisomer ring-closed. The
crude material was purified by flash chromatography, sgelaR: = 0.40, hexane/EtOAc
=10:1).

H NMR (400 MHz, CDCJ) §ppm 7.39-7.27 (m, 5H), 5.85 (ddl= 18.0, 11.0 Hz, 1H),

5.73 (tdd,J = 18.0, 11.0, 7.0 Hz, 1H), 5.15 (d,= 11.0 Hz, 1H), 5.06 (dJ = 18.0 Hz,

1H), 5.04 (ddd,) = 18.0, 3.5, 1.5 Hz, 1H), 5.01 (tddl= 11.0, 2.0, 1.0 Hz, 1H), 4.54 (s,

2H), 3.37 (s, 2H), 2.56-2.45 (m, 1H), 2.42 (dds 2.0, 1.5 Hz, 1H), 2.40-2.30 (m, 2H),
2.12-2.01 (m, 2H), 1.77 (d,= 15.0 Hz, 1H)**C NMR (100 MHz, CDGJ) §ppm 218.5,

141.6, 138.1, 135.7, 128.3, 127.6, 127.4, 116.4, 114.5, 75.9, 73.2, 46.6, 45.5, 44.9, 36.0,

34.0. GCMS (El): 179, 149, 136, 121, 107, 91.
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(¥)-1-(Benzyloxymethyl)bicyclo[3.2.1]oct-2-en-6-one (2—33)

O

@,,,/OBn

This reaction was air sensitive. Dry toluene (250 mL) was feenesl into a 500
mL round bottom flask containing bis-alken@8-34 (0.680 g, 2.50 mmol),
dichlorodicyano quinone (0.11 g, 0.48 mmol), and DBU (0.17 mL, 1.14 mmol) under
argon.The resulting black red solution was cooled to -78 °C and degassed under high
vacuum for 1 h. The reaction mixture was heated to 100 °C and Hoveyda-Gkubbs
catalyst (50 mg, 0.080 mmol, 3.2 mol %) in degassed dry toluene (vad_added via
syringe. A black precipitate was observed in the reactiottune. More Hoveyda-Grubbs
Il catalyst (same quantity as previously) was added every 6 h intervahlAtd6 mol%
of catalyst was added. 30 min after the last catalyst portias added, the reaction
mixture was allowed to cool to room temperature, and the solvenewmsedin vacuo
The crude material was purified by silica gel column chromapy (hexane/EtOAc =
10:1) to afford recovered starting material bis-alkerg4 (R = 0.40, 0.120 g, 18%) and
product 2-33 (Rs = 0.35, 0.420 g, 69 %, 83 % based on the starting material) as a
colorless oil. The produ@-33showed blue on TLC after staining wipkanisaldehyde
followed by gentle heating. The major byproduct (10 %) was eBeA8 which resulted
from alkene migration.
'H NMR (400 MHz, CDC}) sppm 7.46-7.15 (m, 5H), 5.89 (ddd,= 9.5, 4.0, 2.0 Hz,
1H), 5.55 (tdJ = 9.5, 3.0 Hz, 1H), 4.58 (s, 2H), 3.48 (= 9.0 Hz, 2H), 2.68 (t) = 4.5
Hz, 1H), 2.48-2.39 (m, 1H), 2.33-2.29 (m, 2H), 2.28-2.19 (m, 1H), 2.06)(dd,1.0, 5.5

Hz, 1H), 1.94 (ddJ = 11.0, 2.5 Hz, 1H)}*C NMR (100 MHz, CDG) s§ppm 220.3,
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138.2, 135.3, 128.3, 127.6, 127.4, 124.7, 74.5, 73.3, 51.6, 46.4, 42.7, 36.4, 32.4. GCMS
(El): 242 (M), 136, 91. IR (crm): 1722 (s), 1452 (w), 1270 (s), 1112 (m), 1025 (m), 712
(s).

() 4-(benzyloxymethyl)-2-propylidene-4-vinylcyclopentanone (2—43)

'H NMR (400 MHz, CDC}) §ppm 7.35-7.21 (m, 5H), 6.51 (&= 7.5, 2.5 Hz, 1H), 5.88
(dd,J = 18.0, 11.0 Hz, 1H), 5.06 (d,= 11.0 Hz, 1H), 5.01 (d] = 18.0 Hz, 1H), 4.49 (s,
2H), 3.34 (s, 2H), 2.61 (dd, = 73.0, 17.0 Hz, 2H), 2.42 (dd, = 53.0, 18.0 Hz, 2H),
2.15-2.05 (m, 2H), 1.02 (@ = 7.5 Hz, 3H). GCMS (EI): 270 (), 240, 149, 136, 107,
91. IR (cnTY): 2928 (w), 2857 (w), 1736 (s), 1652 (w), 1454 (w), 1407 (w), 1271 (w),
1206 (w), 1096 (s), 735 (s), 698 (s), 1027 (m), 918 (m).

() Compound 2-35

To a solution of alken2-33(0.388 g, 1.60 mmol) in dichloromethane (5 mL) at O
°C, mCPBA (0.46 g, 70 %, 2.6 mmol) was added quickly under the protection of
nitrogen. After stirring for 1 h, the reaction mixture waowld to warm to room
temperature overnight. The solvent was remowedacuoand the crude material was
immediately purified by silica gel column chromatography (hedatOAc = 3:1) to

afford the desired produ2t-35(R; = 0.40, 0.232 g, 64 %) and diastereomer byproguct
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35b (R = 0.30, 0.045 g, 12 %). The produ2ts35and2—-35bshowed blue on TLC after
staining withp-anisaldehyde followed by gentle heating.

'H NMR (500 MHz, CDC}) § ppm 7.39-7.21 (m, 5H), 4.62-4.51 (m, 2H), 3.65J¢;

9.0 Hz, 1H), 3.53 (dJ = 9.0 Hz, 1H), 3.19 (d] = 3.0 Hz, 1H), 3.04 (&) = 4.0 Hz, 1H),

2.31 (s, 2H), 2.19 (] = 5.5 Hz, 1H), 2.09 (dd] = 15.0, 5.5 Hz, 1H), 2.03-1.96 (m, 1H),
1.93 (ddd,J = 16.0, 4.5, 1.5 Hz, 1H), 1.54 (ddl,= 11.0, 5.5 Hz, 1H)**C NMR (125

MHz, CDCk) 6 ppm 219.1, 137.9, 128.2, 127.4, 127.2, 73.6, 73.2, 56.6, 48.8, 45.4, 43.7,
43.0, 30.0, 27.7. ESMS for [CiH1903] " 259 (m/z).

() Compound 2-35b

H NMR (500 MHz, CDCJ) §ppm 7.40-7.27 (m, 5H), 4.60 (s, 2H), 3.65Jds 9.0 Hz,
1H), 3.57 (dJ = 11.0 Hz, 1H), 3.38 (d] = 4.0 Hz, 1H), 3.10 (tJ = 3.0 Hz, 1H), 2.51
(dd,J = 17.0, 3.0 Hz, 1H), 2.43 (d,= 15.0 Hz, 1H), 2.28 (J = 5.5 Hz, 1H), 2.08 (ddd,
J=15.0, 6.0, 3.0 Hz, 1H), 1.81-1.77 (m, 3&C NMR (125 MHz, CDGJ) § ppm 218.4,
137.9, 128.4, 127.7, 127.6, 74.8, 73.4, 58.8, 50.0, 44.5, 42.9, 41.6, 36.2, 33YMSESI
for [CreH1903]": 259 (m/z). IR (crm): 2920 (w), 2858 (w), 1742 (s), 1455 (w), 1364 (w),

1258 (w), 1102 (s), 1075 (m), 1012 (w), 838 (w), 750 (m), 700 (m).

NOE of compoun@-35and2-35b
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() Compound 2-36

OH
! OBn

© CHs

This reaction was air and moisture sensitive. To a solution ofiagp@x35 (88
mg, 0.340 mmol) in dry THF (3 mL) at —78 °C under argeBuLi (0.30 mL, 1.6 M in
hexane, 0.48 mmol) was added dropwise within 1 min via a syringe. After stirring for 1 h,
the reaction was allowed to warm to 0 °C and stirred at 0 °Ghfuthar 2 h. The reaction
was quenched with NWEI| (saturated aqueous solution, 1 mL). The water layer was
extracted with EtOAc (2 mL x 3). The combined organic layes drded over MgSQ
and was concentratad vacuo The crude material was purified by silica gel column
chromatographyR: = 0.25, hexane/EtOAc = 3:1) to afford prod@eB6 (65 mg, 70 %)
as a colorless oil. The produ2t-36 showed purple on TLC after staining wifh
anisaldehyde followed by gentle heating. See Section 6.5.1 for trelsdef
computational study of this reaction.
'H NMR (400 MHz, CDCJ) § ppm 7.41-7.26 (m, 5H), 4.51 (ddl= 27.5, 12.0 Hz, 2H),
4.21 (t,J = 4.0 Hz, 1H), 3.94 (dJ = 3.5 Hz, 1H), 3.69 (s, 1H), 3.60 (@ = 9.0 Hz, 1H),
3.30 (d,J = 9.0 Hz, 1H), 2.20 (J = 6.5 Hz, 1H), 2.10 (d] = 11.5 Hz, 1H), 2.09 (d] =
11.5 Hz, 1H), 1.86-1.74 (m, 1H), 1.65 (did= 11.5, 3.5 Hz, 1H), 1.38 (s, 3H), 1.35 (tdd,
J=11.5, 7.0, 2.0 Hz, 1H), 1.30 @z= 11.5 Hz, 1H)*C NMR (125 MHz, CDGJ) § ppm
137.6, 128.4, 127.7, 127.4, 85.6, 78.6, 77.2, 73.5, 73.2, 49.1, 47.3, 44.4, 39.5, 37.4, 22.6.

ESF/MS for [C17H2303]+: 275 (m/z)
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(#) Compound 2-31
B@JOB[]

© CHj

To a solution of alcohd—-36(36mg, 0.131 mmol) in wet dichloromethane [346]
(2 mL) at O °C under nitrogen, Dess-Martin reagent (15 wt% in alchiethane, 0.90
mL, 0.20 mmol) was added dropwise within 1 min via a syringe. Thetioseawas
allowed to warm to room temperature overnight. After the remof/ahe solventin
vacuq the crude material was purified by silica gel column chrografhy & = 0.35,
hexane/EtOAc = 5:1) to afford produgt+31 (34 mg, 95 %) as a colorless oil. The
product2—31showed black on TLC after staining wipghanisaldehyde followed by gentle
heating.
'H NMR (500 MHz, CDC)) 6 ppm 7.36-7.25 (m, 5H), 4.53 (d,= 1.0 Hz, 2H), 4.24 (d,
J = 4.5 Hz, 1H), 3.59 (dd] = 25.0, 10.0 Hz, 2H), 2.57 (,= 6.0 Hz, 1H), 2.25 (tdd] =
11.0, 6.0, 4.5 Hz, 1H), 2.21-2.15 (m, 2H), 2.05J¢ 12.0 Hz, 1H), 1.85 (d] = 12.0
Hz, 1H), 1.58 (ddJ = 12.0, 3.5 Hz, 1H), 1.53 (s, 3HY’C NMR (125 MHz, CDCJ) &
ppm 208.5, 138.4, 128.2, 127.4, 127.4, 86.9, 83.7, 73.3, 68.6, 58.8, 51.1, 44.6, 44.2, 42.5,
22.3. ESI/MS for [C17H2104]": 273 (m/2).
() Compound 2-44

OH
of
CHs
This reaction was air sensitive. To a solution of benzyl pratesitaohol2—31 (27

mg, 0.100 mmol) in MeOH (1 mL), Pd/C (5 % on activated carbon, 20 mg, 0.0@5) m

was added. The flask was evacuated and flushed with hydrogen, eanuixtinire was
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stirred at room temperature overnight. The crude materiaffiike®d through a pad of
silica gel and the solvent was evaporated to afford pro2luét (16 mg, 90 %) as a
colorless oil. The produ@-44showed purple on TLC after staining wgfanisaldehyde
followed by gentle heating = 0.25, hexane/EtOAc = 1:1).

'H NMR (500 MHz, CDC}) §ppm 4.24 (d,) = 4.5 Hz, 1H), 3.64 (ddd] = 18.0, 12.0,

5.5 Hz, 2H), 2.61 (t) = 6.0 Hz, 1H), 2.33 (1) = 6.5 Hz, 1H), 2.29 (dd] = 12.0, 3.5 Hz,

1H), 2.22-2.28 (m, 1H), 1.93 (ddd= 12.0, 6.5, 4.0 Hz, 1H), 1.86 (d,= 12.0 Hz, 1H),

1.79 (d,J = 12.0 Hz, 1H), 1.77 (dd] = 12.0, 3.5 Hz, 1H), 1.54 (s, 3HYC NMR (125
MHz, CDCk) oppm 211.4, 87.1, 83.5, 64.3, 60.3, 51.5, 44.8, 44.2, 42.5, 22.2. HRMS
(ESI+, m/z) calculated for gH1505 [M + H]* 183.1033, found 183.1040. IR (ch

3426 (br, m), 1721 (s), 1381 (m), 1079 (s), 1033 (s), 993 (s), 961 (m), 918 (w), 830 (m)
735 (m).

4-lodo-2-nitrobenzene-1,3-diol (2—-45b)
HO

O,N |
OH

To a solution of 2-nitroresorcin@-45(5.36 g, 34.6 mmol) in TFA (150 mL) at 0
°C, N-iodosuccinimide (NIS, 7.60 g, 33.8 mmol) was added in aliquots. The resulting
solution was warmed to room temperature and stirred at 25 °C overhighteaction
mixture was poured into ice-water (60 mL) and extracted with tol(@mwxe30 mL). The
combined organic extract was washed with saturated aqueous sodivosuifite and
dried (MgSQ). The solvent was removed under reduced pressure to afford p@&éduct

45b (9.70 g, 99 %) as an orange crystalline.
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'H NMR (500 MHz, CDCJ) Sppm 11.45 (s, 1H), 10.69 (s, 1H), 7.88Jd; 9.0 Hz, 1H),
6.54 (d,J = 9.0 Hz, 1H).*°C NMR (125 MHz, CDGJ) Sppm 156.7, 154.6, 147.5, 123.8,
111.6, 72.5.

1-lodo-2,4-bis(methoxymethoxy)-3-nitrobenzene (2—46)
MOMO

O,N |
OMOM

This reaction was moisture sensitive. To a solution of 2-nitroresdbrderivative

2—-45b (9.27 g, 33.0 mmol) in anhydrous dichloromethane (100 mL) at 0 °C, Hunig's
base (11.0 g, 85.1 mmol) was added. After stirring for 30 min, MOMIGI g, 82 mmol)
was added to the resulting brown solution and stirred at 25 °C overAifét. the
removal of the solvenin vacuq the crude material was purified by silica gel column
chromatography® = 0.40, hexane/EtOAc = 5:1) to afford prodgett6(11.8 mg, 97 %)
as a yellow solid.
'H NMR (500 MHz, CDC}) sppm 7.76 (dJ = 9.0 Hz, 1H), 6.86 (dJ = 9.0 Hz, 1H),
5.19 (s, 2H), 5.11 (s, 2H), 3.51 (s, 3H), 3.44 (s, 3f0).NMR (125 MHz, CDCJ) Sppm
149.5, 149.3, 140.3, 138.1, 113.7, 100.7, 95.0, 82.0, 57.8, 56.6. TH: (2880 (w), 1538
(s), 1464 (m), 1368 (m), 1259 (w), 1125 (m), 1029 (s), 937 (m), 879 (s), 807 (m).

Methyl 2-hydroxy-4-(methoxymethoxy)-3-nitrobenzoate (2—46b)

MOMO
02N COzMe

OH
This reaction was air and moisture sensitive and the procedarmuodified from

ref [347]. To a solution of iodobenzene derivai16(4.20 g, 11.3 mmol) in anhydrous
THF (300 mL) at —78 °C, PhMgBr (11 mL, 3.0 M, 33 mmol) was added, aiaing
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rigorous stirring. Stirring was continued for 30 min before methybonocyanidate (3.5
mL, 40 mmol) was added dropwise to the resulting green viscousoreaatiture. After
stirring for another 1 h at —78 °C, the reaction mixture was alloweslatrm to room
temperature overnight. The reaction mixture was quenched withiCINEsaturated
aqueous solution, 60 mL) and the water layer was extracted with EtOAc (30 mL »x3). Th
combined organic layer was dried over Mg2(@d was concentratéd vacuo The crude
material was purified by silica gel column chromatogragRy=(0.30, hexane/EtOAc =
5:1) to afford produck—46b(2.26 g, 85 %) as a yellow solid. It appears that the reaction
or the work-up conditions lead to the deprotection of one of the MOM groups.

'H NMR (500 MHz, CDC}) §ppm 11.41 (s, 1H), 7.87 (d,= 9.0 Hz, 1H), 6.77 (d) =

9.0 Hz, 1H), 5.28 (s, 2H), 3.96 (s, 3H), 3.49 (s, 3f0.NMR (125 MHz, CDCJ) 5ppm
169.3, 154.4, 153.9, 132.2, 131.4, 107.5, 105.7, 94.7, 56.8, 52.7.

Methyl 2,4-bis(methoxymethoxy)-3-nitrobenzoate (2-47)
MOMO

02N COzMe
OMOM

This reaction was air sensitive. To a solution of compabb (1.85 g, 7.20
mmol) in anhydrous dichloromethane (50 mL) at 0 °C, Hunig’'s base (1303 mmol)
was added. The reaction mixture was warmed to room temperatuséragd for 30 min
before MOMCI (0.70 g, 8.7 mmol) was added. The reaction mixturetieas stirred
overnight. After the removal of the solvantvacuq the crude material was purified by
silica gel column chromatographi (= 0.30, hexane/EtOAc = 5:1, overlap with46b

to afford produc—47(1.70 mg, 78 %) as a yellow solid.
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'H NMR (500 MHz, CDC}) § ppm 7.96 (d,) = 9.0 Hz, 1H), 7.06 (dJ = 9.0 Hz, 1H),

5.26 (s, 2H), 5.13 (s, 2H), 3.88 (s, 3H), 3.47 (s, 3H), 3.47 (s,"3EINMR (125 MHz,
CDCl) oppm 164.2, 152.2, 150.6, 138.4, 133.8, 118.0, 110.6, 102.1, 94.9, 57.7, 56.8,
52.3. IR (cmY): 3313 (w), 1668 (m), 1608 (W), 1503 (w), 1435 (s), 1308 (s), 1249 (m),
1134 (s), 1041 (s), 997 (s), 920 (m), 736 (m).

Methyl 3-amino-2,4-bis(methoxymethoxy)benzoate (2—-48)

MOMO

H,N CO,Me
OMOM

This reaction was air sensitive. To a solution of nitroben2ed& (1.50 g, 4.98
mmol) in MeOH (25 mL) and trace of toluene (0.5 mL), Pd/C (5 %abvated carbon,
1.1 g, 0.52 mmol; wet with MeOH before adding) was added. The flaskewacuated
and flushed with hydrogen, and the mixture was stirred at rooipetature overnight.
After the removal of the solvemm vacuq the crude material was purified by silica gel
column chromatographyr( = 0.30, hexane/EtOAc = 2:1) to afford prodget48(0.94 g,

70 %) as a colorless oil.

'H NMR (500 MHz, CDC}) ppm 7.24 (dJ = 8.5 Hz, 1H), 6.85 (dJ = 8.5 Hz, 1H),
5.24 (s, 2H), 5.10 (s, 2H), 4.25 (s, br, 2H), 3.86 (s, 3H), 3.61 (s, 3H), 3.49 (33GH).
NMR (125 MHz, CDCY) 6ppm 166.2, 148.5, 145.4, 131.7, 120.0, 118.0, 109.5, 101.1,
94.8, 57.6, 56.3, 51.7. HRMS (ESI+, m/z) calculated feHGNOg [M + H]" 272.1134,
found 272.1134. IR (cM): 2269 (W), 2925 (w), 1716 (m), 1595 (m), 1459 (m), 1295 (m),

1198 (m), 1128 (s), 1079 (m), 1032 (s), 992 (s), 920 (s), 742 (m).
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Methyl 3-(3-aminopropanamido)-2,4-bis(methoxymethoxy)benzoate (2-50)

MQO
H N/\)I\N:Q\Cone
H

i OMOM

3-(2,2,2-Trifluoroacetamido)propanoic acid was prepared following titexaef
[348]. The reaction was moisture sensitive. To a mixture of 3-(2,2,2-
trifluoroacetamido)propanoic acid (1.48 g, 8.00 mmol) and 2 drops of dry pgridi
anhydrous benzene (20 mL), oxalyl chloride (1.0 mL, 11.7 mmol) was addpaige
(effervescence was observed). After stirring at 50 °C for an8henin, the solvent was
removedin vacuo The resulting viscous black oil (acid chlorigde49 was diluted with
anhydrous dichloromethane (10 mL) and was added into a solution of 2r#8€0.76
g, 2.80 mmol) in anhydrous dichloromethane (10 mL), followed by the addition of
pyridine (1.5 mL, 18.6 mmol). The mixture was stirred for 5 h at roonpéeature and
the solvent was removad vacuo(Rs = 0.40, hexane/EtOAc = 2: 1). MeOH (10 mL),
H,0 (3 mL) and KCOs (0.76 g, 5.50 mmol) was then added, and the mixture was stirred
at room temperature for 7 h. The crude material was concenstiateduced pressure and
the residue was purified by silica gel column chromatograghy 0.40, CHCGJ: MeOH:
28% NH,OH = 35: 7: 1) to afford produ@-50(0.91 g, 95 %) as a colorless solid. The
products2-50 showed purple on TLC after staining with ninhydrin followed by lgent
heating.
'H NMR (500 MHz, CDC}) §ppm 7.70 (dJ = 8.5 Hz, 1H), 6.93 (dJ = 8.5 Hz, 1H),
5.16 (s, 2H), 4.99 (s, 2H), 3.80 (s, 3H), 3.47 (s, 3H), 3.41 (s, 3H), 3.05 (s, br, 2H), 2.51 (s,
br, 2H).13C NMR (125 MHz, CDG) 6ppm 170.8, 165.3, 156.6, 154.1, 130.3, 121.4,

117.8, 110.3, 100.9, 94.5, 57.3, 56.3, 51.8, 38.3, 37.9. HRMS (ESI+, m/z) calculated for
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CisH2aN2,07 [M + H]* 343.1492, found 343.1485. IR(Chh 2952 (w), 1692 (m), 1596
(w), 1460 (m), 1294 (m), 1199 (m), 1152 (m), 1033 (m), 994 (s), 922 (m), 750 (m).
() Compound 2-52and2-53

BnO

\ OBn
NH
! OBn Hog%
H5;C
o) NH
H,C BnO
2-52 2-53

To a mixture of keton@-31 (20 mg, 0.073 mmol) an@-benzylhydroxylamine
(18 mg, 0.146 mmol) in MeOH (0.3 mL, pH 3, adjusted by HCI) at 0 “aB(SN)H;
(7.0 mg, 0.111 mmol) was added. After stirring for 5 h, the solvent was renmovaduo
and the crude material was purified by silica gel column chromatographgn@extOAc
=10:1) to afford produ@-52(20 mg, 72%pnd2-53(6 mg, 14 %) as colorless oil.
2-52 *H NMR (400 MHz,CDC}) s§ppm 7.41-7.24 (m, 10H), 4.67 (s, 2H), 4.48 (dic;
12.0 Hz, 2H), 4.49-4.47 (m, 1H), 3.34-3.33 (m, 1H), 3.4Q0(d,9.5 Hz, 1H), 3.28 (d}
= 9.5 Hz, 1H), 2.21 (t) = 6.5 Hz, 1H), 2.13 (dJ = 11.0 Hz, 1H), 1.83-1.79 (m, 3H),
1.41 (s, 3H), 1.37-1.33 (m, 2H}C NMR (100 MHz, CHGJ) sppm 138.2, 137.8, 128.4,
128.3, 128.2, 127.7, 127.4, 127.2, 86.0, 77.7, 76.5, 75.6, 73.2, 63.4, 49.4, 48.1, 44.7, 39.8,
37.7, 22.9. ESIMS for [CoHsoNOs]*: 380 (m/z). IR (crit): 2927 (w), 2855 (w), 1454
(w), 1270 (w), 1096 (m), 1028 (w), 914 (w), 828 (W), 734 (s), 698 (S).
2-53 H NMR (400 MHz,CDC}) Sppm 7.39-7.27 (m, 10 H), 4.66 (s, 2H), 4.55Jc
4.5 Hz, 1H), 4.48 (s, 2H), 3.60 @@= 9.0 Hz, 1H), 3.18 (d] = 9.0 Hz, 1H), 3.04 (s, 1H),
2.23 (t,J = 6.0 Hz, 1H), 2.00 (tddj = 8.0, 5.5, 2.0 Hz, 1H), 1.67-1.59 (m, 4H), 1.35 (s,
3H), 1.20 (dJ = 11.0 Hz, 1H)**C NMR (100 MHz, CHGJ) § ppm 138.7, 138.2, 128.3,

128.2, 128.2,127.5, 127.3, 127.3, 86.3, 77.2, 75.9, 73.7, /3.2, 61.3, 48.7, 45.0, 44.2, 43.9,
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39.7, 23.1. ESIMS for [CosH3NO5]*: 380 (m/z). IR (crm): 2927 (w), 2853 (w), 1721
(w), 1453 (w), 1269 (m), 1098 (m), 1026 (m), 965 (w), 919 (w), 735 (s), 711 (M), 697 (S).
Stereochemistry d-52and2-53was determined based on NOE experiments.

() Compoun®2-52and2-53

1.8%

To a mixture of keton2-44(12 mg, 0.066 mmol) and ami2e-50(90 mg, 0.26
mmol) in MeOH (0.3 mL, pH 4, adjusted by HCI) at 0 °C, NaB(CNJHO mg, 0.111
mmol) was added in 3 portions within 1 h. After stirring for anofhr the solvent was
removedin vacuoand the crude material was redissolved in GHREOH (20:1). This
solution was then filtered through a pad of silica gel and waslitbdGHClL: MeOH
(20:1, 5 mL x 2). This procedure removes the unreacted amine stadiegal from the
filtrate. The stereochemistry of crude prod&eb4was determined by NOE experiment.

(x) Compound 2—-36and2-54
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The filtrate (crude compoun2-54 was concentrated at a reduced pressure and
then further dried under high vacuum for 2 h before it was diluted wnkiydzous
benzene (1 mL). Carbonyl diimidazole (50 mg, 0.31 mmol) and DMAP (8.0 19g6 O.
mmol) were sequentially added to the reaction mixture and s&trgd °C for 24 h. The
reaction mixture was concentrated at reduced pressure and ithee rems purified by
silica gel column chromatography (hexane: acetone = 1:1) to afford p@ebs(20 mg,

56 %) as a colorless oil and as a single diastereomer. A mid@rreaction was the
reduction of the ketong—44 Also when the concentration of ketoke44was < 0.2 M,
the yield of produce—-55was generally low.
'H NMR (500 MHz, CHCY}) Sppm 7.79 (dJ = 7.5 Hz, 1H), 7.62 (s, 1H), 7.04 (d,=
9.0 Hz, 1H), 5.29-5.20 (m, 2H), 5.10-5.04 (m, 2H), 4.71 (s, 1H), 4.19 £d11.0 Hz,
1H), 4.06-3.94 (m, 1H), 3.86 (s, 3H), 3.77 Jd= 11 Hz, 1H), 3.67 (s, 1H), 3.58 (s, 3H),
3.50 (s, 3H), 3.47-3.37 (m, 1H), 2.93-2.72 (br, 1H), 2.68-2.58 (br, 1H), 2.32=(6.5
Hz, 1H), 1.98 (ddJ = 12.0, 3.0 Hz, 2H), 1.80 (d, = 11.0 Hz, 1H), 1.68 (dd] = 11.0,
3.5 Hz, 1H), 1.56 (dd] = 11.0, 7.5 Hz, 1H), 1.49 (d,= 11.0 Hz, 1H), 1.43 (s, 3H}*C
NMR (125 MHz, CHC}) sppm 169.0 (br), 165.2, 156.8, 154.3 (br), 153.4, 130.5 (br),
121.5, 117.8, 111.0, 101.8, 94.8, 86.8, 76.3, 72.4, 58.4, 57.4, 56.4, 51.9, 45.8, 43.8, 43.2,
40.6, 40.1, 37.7, 34.9 (br), 22.6. HRMS (ESI+, m/z) calculated fgt4N,O1o [M + H]
535.2291, found 535.2216.
() Compound 2-56

OH, o
Meozc/%mj\/g\@j

© CH,
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To a solution of compoun®-55(10 mg, 0.0187 mmol) in MeOH (0.3 mL), 6 M
HCI aqueous solution (0.1 mL) was added. After stirring at room textyse for 24 h,
the reaction mixture was extracted with CEIGIPrOH = 3: 1 (0.3 mL x 5). The organic
layer was concentrated vacuoand under high vacuum and the residue was purified by
silica gel column chromatography (hexane: acetone = 1:1) ¢odafiroduct2—-56 (7.8
mg, 92 %) as a colorless solid.
'H NMR (500 MHz, CHCJ) §ppm 11.65 (s, 1H), 10.71 (s, 1H), 8.11 (s, 1H), 7.58 (d,
= 9.0 Hz, 1H), 6.52 (dJ = 9.0 Hz, 1H), 4.67 () = 3.5 Hz, 1H), 4.19 (dJ = 11.0 Hz,
1H), 3.99 (ddd, = 14.0, 7.0, 6.0 Hz, 1H), 3.92 (s, 3H), 3.79Jcs 11.0 Hz, 1H), 3.64
(d, J = 3.5 Hz, 1H), 3.46 (td) = 14.0, 7.0 Hz, 1H), 2.99 (td,= 15.0, 7.0 Hz, 1H), 2.78
(td,J = 15.0, 6.5 Hz, 1H), 2.34 (8, = 6.5 Hz, 1H), 2.03-1.95 (m, 1H), 1.99 (di 12.0,
3.5 Hz, 1H), 1.82 (dJ = 12.0 Hz, 1H), 1.72 (ddJ = 11.0, 3.5 Hz, 1H), 1.63-1.56 (m,
1H), 1.50 (dJ = 11.0 Hz, 1H), 1.44 (s, 3H}*C NMR (125 MHz, CHGJ) Sppm 171.4,
170.6, 155.0, 153.9, 153.7, 127.7, 114.0, 111.3, 104.2, 86.9, 76.4, 72.5, 59.0, 52.2, 45.8,
43.7,43.3, 40.9, 40.1, 37.7, 35.1, 22.5. HRMS (ESI+, m/z) calculatedAd5/8,05 [M
+ H]" 447.1777, found 447.1760.
(x) Compound 2-30

OH, o
HOZC%[HJ\/H\@_?
© CH,

To a solution of compoun@-55 (5.0 mg, 0.0096 mmol) in MeOH (0.3 mL),

LIOH (1.6 M in MeOH: HO = 3: 1, 0.2 mL) was added. HCI (4 M in MeOH;(H 0.3

mL) was added before the reaction mixture was stirred for 12rboan temperature.
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After stirring at room temperature for another 24 h, the @achixture was extracted
with CHCL: i-PrOH = 3: 1 (0.3 mL x 5). The organic layer was concentratecgcuo

and under high vacuum and the residue was purified by silica gel molum
chromatography (acetone: hexane: AcOH = 1: 1: 0.1) to afford pr@d@6t(3.3 mg, 80

%) as a colorless solid.

'H NMR (600 MHz, d-MeOD) sppm 7.68 (dJ) = 9.0 Hz, 1H), 6.45 (d] = 9.0 Hz, 1H),

4.72 (t,J = 3.0 Hz, 1H), 4.31 (d] = 11.0 Hz, 1H), 4.05 (td] = 13.0, 6.0 Hz, 1H), 3.88-

3.82 (m, 1H), 3.83 (dJ = 11.0 Hz, 1H), 3.44 (td) = 15.0, 7.0 Hz, 1H), 2.89 (td, =

15.0, 7.0 Hz, 1H), 2.66 (td,= 14.0, 6.5 Hz, 1H), 2.35 (1,= 6.5 Hz, 1H), 1.98-1.94 (m,

1H), 1.90 (ddJ = 12.0, 3.0 Hz, 1H), 1.87 (d, = 12.0 Hz, 1H), 1.70 (dd] = 11.0, 3.0

Hz, 1H), 1.68-1.62 (m, 1H), 1.60 (@ = 11.0 Hz, 1H), 1.42 (s, 3H}°C NMR (150 MHz,
ds,-MeQOD) 6ppm 176.7, 175.4, 175.2, 161.4, 157.8, 132.5, 114.8, 110.6, 108.1, 89.9,
79.2, 75.2, 60.9, 48.0, 46.6, 45.9, 43.5, 42.3, 40.2, 36.6, 24.3. HRMS (ESI+, m/z)
calculated for GH,sN,Og [M + HJ" 433.1611, found 433.1590.

Compound 2-59

OMOM
"S 0
MeO,C 0

NJK/\NJK
momo M @J

To a mixture of 2-(hydroxymethyl)cyclohexanone (256 mg, 2.00 mmol) and
amine2-50 (342 mg, 1.00 mmol) in MeOH (5 mL, pH 3-4, adjusted by HCI) at 0 °C,
NaB(CN)H; (140 mg, 2.22 mmol) was added in 3 portions within 1 h. After stinong f
another 5 h, the solvent was remowedacuoand the crude material was redissolved in

CHCI;: MeOH (20:1). This solution was then filtered through a pad afasifjel and
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washed with CHGI MeOH (20: 1, 5 mL x 2). This procedure removes the unreacted
amine starting material from the filtrate. The filtrat@swvconcentrated at a reduced
pressure and then further dried under high vacuum for 2 h before it lugeddivith
anhydrous benzene (5 mL). Carbonyl diimidazole (200 mg, 1.24 mmol) andPD(8&A
mg, 0.66 mmol) were sequentially added to the reaction mixture aretisit 50 °C for
24 h. The reaction mixture was concentrated at reduced pressuthearesidue was
purified by silica gel column chromatography (hexane: acetohgl) to afford product
2-59(336 mg, 70 %) as a colorless oll.

'H NMR (400 MHz, CHC}) sppm 7.80 (s, 1H fotrans, 1H forcis), 7.71 (d,J = 9.0 Hz,
1H for trans, 1H for cis), 6.95 (d,J = 9.0 Hz, 1H forcis), 6.94 (d,J = 9.0 Hz, 1H for
trans), 5.16 (s, 2H fotrans, 2H forcis), 4.98 (s, 2H fotrans, 2H forcis), 4.32 (ddJ =
11.0, 11.0 Hz, 1H focis), 3.99 (ddJ = 11.0, 11.0 Hz, 1H fotrrans), 3.98 (ddJ = 11.0,
11.0 Hz, 1H forcis), 3.79 (ddJ = 11.0, 11.0 Hz, 1H forans), 3.78 (s, 3H fotrans, 3H
for cis), 3.75-3.57 (m, 2H fotrans, 1H for cis), 3.51 (s, 3H forcis), 3.50 (s, 3H for
trans), 3.41 (s, 3H focis), 3.40 (s, 3H fotrans), 3.40-3.30 (m, 2H focis), 3.01 (t,J =
8.5 Hz, 1H fortrans), 2.94-2.71 (m, 1H fotrans, 1H forcis), 2.70-2.60 (m, br, 1H for
cis), 2.58-2.46 (m, br, 1H farans), 2.45-2.38 (m, br, 1H focis), 2.34-2.21 (m, 1H for
trans, 1H forcis), 1.94 (d,J = 12.0 Hz, 1H forcis), 1.81 (d,J = 8.0 Hz, 1H fortrans),
1.76-1.51 (m, 3H fotrans, 3H for cis), 1.51-1.31 (m, 2H focis), 1.30-1.10 (m, 2H for
trans, 3H forcis), 1.10 (ddJ = 14.0, 8.5 Hz, 1H fotrans), 0.94 (dddJ = 13.0, 3.5, 3.5
Hz, 1H fortrans). *C NMR (100 MHz, CHGJ) sppm 169.3 (brfrans / cis), 165.1
(trans/ cis), 156.6 {rans), 156.5 €is), 154.5 (brtrans/ cis), 153.7 {rans), 153.0 ¢is),

130.5 (br,trans/ cis), 121.3 frans/ cis), 117.7 ¢is), 117.6 {rans), 110.5 ¢is), 110.4
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(trans), 101.3 €is), 101.2 frans), 94.5 (rans/ cis), 70.0 {rans), 66.7 €is), 59.5 (i),
57.1 grans), 56.3 €is), 56.2 frans), 51.7 {rans/ cis), 44.0 (brcis), 40.4 (brtrans), 38.6
(trans / cis), 35.2 (br,trans), 34.9 (br,cis), 31.3 (rans), 30.6 €is), 30.2 (rans), 27.6
(cis), 25.9 {rans), 25.1 €is), 24.3 frans), 24.1 (rans), 23.5 €is), 20.8 €is). HRMS
(ESI+, m/z) calculated for 8H33N>Og [M + H]" 481.2189, found 481.21609.

Compound 2-57

To a solution of compoung-59 (240 mg, 0.50 mmol) in MeOH (1 mL), LiOH
(2.6 M in MeOH: HO = 3: 1, 0.8 mL) was added. HCI| (4 M in MeOH;(H 1.6 mL)
was added before the reaction mixture was stirred for 12rboat temperature. After
stirring at room temperature for another 24 h, the reaction mixtaseextracted with
CHCl3: i-PrOH = 3: 1 (2 mL x 5). The organic layer was concentratescuoand under
high vacuum and the residue was purified by silica gel column chrgragtoy (acetone:
hexane: AcOH = 1: 1: 0.1) to afford prodi:t57 (161 mg, 85 %) as a colorless solid.
The ratio ofcis-4 andtrans4 is 2:3, determined bjH NMR. The stereochemistry of
product2-57was determined by NOE experiment.
'H NMR (500 MHz, d-MeOD) §ppm 7.63 (d,) = 8.5 Hz, 1H forcis, 1H fortrans), 6.41
(d, J = 8.5 Hz, 1H forcis, 1H fortrans), 4.43 (dd,J = 11.0, 11.0 Hz, 1H focis), 4.07
(dd,J = 11.0, 11.0 Hz, 1H focis), 4.06 (ddJ = 11.0, 11.0 Hz, 1H fotrans), 3.92 (dd,)
= 11.0, 11.0 Hz, 1H fatrans), 3.90-3.78 (m, 1H focis, 1H fortrans), 3.72-3.58 (m, 1H,

trans), 3.59-3.50 (m, 1Hgis), 3.46 (tdJ = 14.0, 6.5 Hz, 1Hcis), 3.22 (t,J = 9.5 Hz, 1H,
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trans), 2.88-2.74 (m, 1H focis, 1H for trans), 2.69-2.48 (m, 1H focis, 1H for trans),

2.40-2.26 (m, 1H focis, 1H fortrans), 1.99 (d,J = 12.0 Hz, 1Hcis), 1.84 (d,J = 5.5

Hz, 1H,trans), 1.78-1.58 (m, 3H fotrans, 3H forcis), 1.53 (ddJ = 23.0, 12.0 Hz, 1H,
cis), 1.50-1.36 (m, 1Hgis), 1.42-1.22 (m, 2H focis, 2H fortrans), 1.17 (dd,J = 23.0,

13.0 Hz, 1Htrans), 1.03 (dd,J = 21.0, 12.0 Hz, 1Htrans). *C NMR (125 MHz, ¢-

MeOD) oppm 173.9 ¢is), 173.8 frans), 173.6 €is / trans), 159.9 €is), 159.8 {rans),

156.7 €is/ trans), 156.0 €is/ trans), 130.9 €is/ trans), 113.4 frans), 113.4 €is), 109.2
(trans), 109.2 €is), 106.5 €is/ trans), 71.6 {rans), 68.6 €is), 60.5 (rans), 57.4 €is),

45.3 €is), 41.6 (rans), 40.1 (rans), 35.9 (rans), 35.7 €is), 33.0 €is), 31.3 {rans), 28.6
(cis), 27.2 frans), 26.3 €is), 25.7 frans), 25.5 {rans), 24.9 €is), 22.1 €is). HRMS

(ESI+, m/z) calculated for gH23N-07 [M + H]" 379.1505, found 379.1525.

Compoundtrans-2-57 andcis-2-57

oy 3%
0.5 %
HO,C NW HO,C

6.3 Synthetic protocols for compounds in Chapter 3.
6.3.1 Synthetic strategies
All the analogs in Chapter 3 are generated from four meth®dse(me 6-2

except for compound-16 The synthesis of compouldl16refers toScheme 6—-3
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Method A

Experimental details for the synthesis of compo@rd refer to Section 6.2
(compound2-50. The reactions were performed at 1.0-10 mmol scale. AGthél.0
eq.), acetic acid (3.0 eq.) and aldehyde/ ketone (3.0 eq.) werd stirkéeOH (b—1] =
0.2 M) at RT for 15 min. Sodium cyanoborohydride (1.5 eq.) was added ialijnmsts
over 1 h. The reaction mixture was stirred at RT for another 2 h and then quenched with 1
M NaOH. The mixture was extracted with CHGk 3) and then concentrated under
vacuum. The crude product was purified on silica-gel with hexati@A&to give pure
product6-2in up to 85% vyield.

Intermediate6—2 was stirred with NaOH (5.0 eq.) in MeOH®1 (3: 1, p—2 =
0.2 M) for 5-14 h, at which point the starting material disappeardd-@nHCI (6 M in
H,0, 20.0 eq.) was then added to the cloudy reaction mixture to fornarasol@tion at
RT. The reaction was heated to 40 °C and stirred overnight before qugerveiim
saturated NaHC® The mixture was extracted with CHCI-PrOH (3: 1) three times.
The crude product was concentrated under vacuum and purified on siliwahbg€HCL:
MeOH (5% NHOH), or using HPLC C18 reverse phase column (Nacalai tesque 5C18-
MS II column) to give produc6-3 in up to 69% vyield. The product displayed a
distinctive blue color under UV light (365 nm) on TLG4f. For gram-scale syntheses,
the products can be recrystallized with 2:1 MeOH: 2 M HCI aqueous solution.
Method B

The procedure was the same as method A with the only exception being the use of

1 equiv. of aldehyde used instead of the 3 equiv. used in method A.

131



Method C

Sulfonyl chloride (2.0 eq.) was added to a solution of arbik(1.0 eq.) and
NEt; (2.5 eq.) in anhydrous GBI, and the reaction was stirred at RT for overnight. The
crude product was concentrated under vacuum and purified on silica-gel (Hew@Ae)

to give the produd—6in 57% vyield.

A oMoM oMo oH_ 1
o NaB(CN)H, ) NaOH R
MeOZCJ;:[N)L(\ﬂf\Nm;»O MeO,C” ; )LMA 2 ror - HoC HJL(\%AJN\)\RZ
MOMO R}\—R1 MOMO HO ROR!
6-1 6-2 n=1,2 6-3
B OMOM OH
OMOM 1 1
0 R 0 R
o NaB(CN)H; 1) NaOH
MeO.C NJ\/\NH "o Meogc NJ\/\N*RZ T HO.C NJ\/\NJ\
3 2 H H 2) HCI H H
Momo M Y MOMO HO
RZ
6-1 6-4 6-5
C
OMOM cl— s', OMOM OH_
(o] o) 0 1) NaOH o)
J~ 2 MeO,C” ; J\/\ -5-R® HO,C” :(\ :NJ\/\N—g—R3
MeOzC N NH2 Il 2) HCI H H I
vomo  H MOMO o) HO o)
6-1 6-6 6-7
D ]
ovMom I OMOM OH
clI” "R* JOL 1) NaOH j\
MeO,C NH, MeO,C N~ "R* 2)HCl HO,C N~ "R*
H ) HC H
MOMO MOMO HO
6-8 6-9 6-10

Scheme 6-2.General synthesis of platensimycin analogs: a) synthesiN-dfalkyl
analogs; b) synthesis ®-mono-alkyl analogs; c) synthesis Nfsulfonyl analogs; d)
synthesis of acyl analogs.
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Method D

For experimental details for the synthesis of compda#ti refer to Section 6.2
(compound2—-48. This reaction is moisture sensitive. The acid chloride (1.5 espg) w
added to a solution @-8 (1.0 eqg.) and NEt(2.0 eq.) in CHCI, and the reaction was
stirred at RT for 1 h. The reaction mixture was washed with aetiNaHC@® and the
aqueous layer was extracted with CEll 2). The crude product was concentrated under
vacuum and purified on silica-gel (hexane: EtOAc) to give the prdsich up to 90%

yield.

6.3.2 Physical data of the analogs

3-(3-(Bis(cyclopropylmethyl)amino)propanamido)-2,4-dihydroxybenzoid :+6)

oy
N N
i l
or
HO™ SO
The compound was synthesized with an overall yield of 13% #e&®and 10
mg material was obtaineB; = 0.30, NH+*H,0 (28% aq.)/ MeOH/ CHGI= 1/7/55.
'H NMR (500 MHz, MeODY 7.68 (d,J = 8.5 Hz, 1H), 6.36 (d] = 8.5 Hz, 1H), 3.70 (t,
J=6.5Hz, 2H), 3.20 (t, bd = 6.5 Hz, 4H), 3.01 (] = 6.5 Hz, 2H), 1.29 — 1.13 (m, 2H),
0.87 — 0.71 (m, 4H), 0.56 — 0.44 (m, 4H}C NMR (125 MHz, MeOD) 175.8, 172.2,
159.8, 157.4, 132.2, 131.1, 112.6, 107.3, 59.6, 50.0, 30.5, 6.9, 5.2. HRMS (ESI+, m/z)

calculated for GgH2sN20s5 [M + H]" 349.1763, found 349.1758.

3-(3-(Dibutylamino)propanamido)-2,4-dihydroxybenzoic a8d1)
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The compound was synthesized with an overall yield of 13% #e8®and 14
mg material was obtained. The major byproduct is the benzoic athd/hester (50%).
R = 0.35, NH+H,0 (28% aq.)/ MeOH/ CHGE 1/7/55.
'H NMR (500 MHz, CDCJ) § 9.14 (s, br, 1H), 7.62 (d,= 9.0 Hz, 1H), 6.39 (d] = 9.0
Hz, 1H), 3.45 — 3.39 (m, 2H), 3.05 — 3.00 (M, 6H), 1.75 — 1.68 (m, 4H), 1.40=(d,5
Hz, 4H), 0.98 (tJ = 7.5 Hz, 6H).2*C NMR (125 MHz, CDGJ) § 174.9, 170.1, 155.8,
153.2, 128.9, 113.7, 110.8, 108.8, 52.5, 49.7, 32.3, 25.4, 20.4, 13.8. HRMS (ESI+, m/z)

calculated for GgH29N,Os [M + HJ" 353.2076, found 353.2069.

(-)-Myrtemycin -8

go%

The compound was synthesized with an overall yield of 68% fe8®and 18
mg material was obtaineB; = 0.40, NH*H,0 (28% aq.)/ MeOH/ CHGI= 1/7/55.
[¢]p® = =10.6° ¢ = 1.0in MeOH).'H NMR (600 MHz, [D5] pyridine)s 10.84 (s, 1H),
8.12 (d,J = 8.5 Hz, 1H), 6.88 (d] = 8.5 Hz, 1H), 5.56 (s, 2H), 3.42 (= 12.5 Hz, 2H),
3.35 — 3.25 (m, br, 1H), 3.23 — 3.08 (m, 4H), 3.08 — 2.90 (m, br, 1H), 2.64 (s, 2H), 2.36
(dt, J = 8.5, 5.5 Hz, 2H), 2.24 (d, = 17.5 Hz, 1H), 2.15 (d] = 17.5 Hz, 1H), 1.96 (s,
2H), 1.24 (s, 6H), 1.20 (d] = 8.5 Hz, 2H), 0.85 (s, 6H}’C NMR (126 MHz, [D5]

pyridine) 6 175.8, 174.5, 159.0, 158.8, 146.2, 130.4, 123.9, 116.3, 111.2, 108.1, 61.0,
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51.4, 45.8, 42.1, 39.1, 34.6, 33.2, 32.9, 27.4, 22.3. HRMS (ESI+, m/z) calculated for
C30H41N>0s5 [M + H]Jr 509.3015, found 509.3014.

Compound3-9

OH H ;
O
OH
HO (6]

The compound was synthesized with an overall yield of 21% #&e&band 23
mg material was obtaineB; = 0.40, NH*H,O (28% ag.)/ MeOH/ CHGI= 1/7/55.
'H NMR (500 MHz, MeOD)5 7.48 (d,J = 8.5 Hz, 1H), 6.22 (dd] = 8.5, 1.5 Hz, 1H),
5.75 —5.42 (m, 4H), 3.14 — 2.93 (m, 5H), 2.93 — 2.67 (m, 4H), 2.57H&7.5 Hz, 1H),
2.49 — 2.18 (m, 5H), 2.18 — 1.99 (m, 1H), 1.99 — 1.74 (m, ¥d).NMR (125 MHz,
MeOD) ¢ 173.8, 171.5, 156.0, 153.9, 133.6, 130.7, 128.9, 113.7, 109.4, 108.2, 63.7, 57.3,
46.2, 42.5, 41.0, 40.0, 39.2. HRMS (ESI+, m/z) calculated faH&GN,Os [M + HJ'
425.2076, found 425.2066.

Compound3-10

H oy KQ
N\[(\/N
AN

HO™ ~O

The compound was synthesized with an overall yield of 40% #eb@and 8 mg
material was obtaine®; = 0.35, NH*H,O (28% ag.)/ MeOH/ CHGI= 1/7/55.
'H NMR (500 MHz, CDCY) & 7.55 (d,J = 8.5 Hz, 1H), 6.33 (d] = 8.5 Hz, 1H), 5.69 (s,
2H), 3.16 (s, br, 4H), 3.05 (s, br, 2H), 2.85 (s, br, 2H), 2.06 — 1.86 (m, br, 8H)-1.60

1.40 (m, br, 8H)*C NMR (125 MHz, CDGJ) § 174.4, 172.1, 156.0, 154.2, 131.8, 130.3,
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129.1, 113.3, 110.0, 108.7, 61.1, 50.1, 31.6, 27.5, 25.8, 22.7, 22.2. HRMS (ESI+, m/z)
calculated for G4H33N,0s5 [M + HJ" 429.2389, found 429.2383.

Compound3-11

vy 2
£
o
HO™ SO

The compound was synthesized with an overall yield of 58% 8amnd 13 mg
material was obtaine@®: = 0.40, NH*H,0 (28% aq.)/ MeOH/ CHGI= 1/7/55.
'H NMR (500 MHz, CDCY) § 7.63 (d,J = 8.5 Hz, 1H), 6.39 (d] = 8.5 Hz, 1H), 6.17 (s,
2H), 5.95 (s, 2H), 3.53 — 3.12 (m, 2H), 3.12 — 2.87 (m, 2H), 2.87-2.79 (m, 4H), 2.70 —
2.50 (m, 2H), 2.55-2.35 (m, 4H), 1.98 (s, br, 2H), 1.55 — 1.36 (m, 2H), 1.34 — 1.23 (m,
2H), 0.63 (dd,J = 23.0, 12.0 Hz, 2H)**C NMR (125 MHz, CDGJ) 5 174.4, 170.9,
155.7, 153.7, 139.0, 131.7, 129.1, 113.4, 109.9, 108.9, 58.4, 50.3, 50.0 (covered by the
solvent peak), 45.9, 42.8, 34.9, 34.6, 32.6. HRMS (ESI+, m/z) calculatedsy3/,05
[M + HJ' 453.2389, found 453.2402.

2,4-Dihydroxy-3-(3-(adamantylamino)propanamido)benzoic &:#d.2

OH H
N N
F

OHO
HO™ ~O

The compound was synthesized with an overall yield of 46% 8amnd 27 mg
material was obtaine®®; = 0.30, NH*H,0 (28% aq.)/ MeOH/ CHGI= 1/7/55.
'H NMR (500 MHz, MeOD) 7.69 (d,J = 8.5 Hz, 1H), 6.39 (d] = 8.5 Hz, 1H), 3.48 —
3.42 (m, 3H), 3.10 — 3.00 (m, 2H), 2.26 (s, br, 2H), 2.08 — 1.98 (m, 4H), 1.96 — 1.86 (m,

4H), 1.84 (s, br, 2H), 1.77 (d,= 8.0 Hz, 2H)*C NMR (125 MHz, MeOD} 175.8 (br),
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172.0, 159.0, 157.1, 130.4, 111.6, 106.7, 63.5, 42.5, 37.4, 37.0, 31.0, 30.1, 27.4. HRMS
(ESI+, m/z) calculated for gH,7N>Os [M + H]" 375.1920, found 375.1900.

Compound3-13
O

OH H H_
(6]
HO™ O

The compound was synthesized with an overall yield of 20% 8amnd 12 mg

n=0

e}

material was obtaine®®; = 0.40, MeOH/ CHGI= 1/10.

'H NMR (500 MHz, CDC}) & 7.57 (d,J = 9.0 Hz, 1H), 6.43 (d) = 9.0 Hz, 1H), 3.49

(qd,Jd = 13.5, 7.0 Hz, 2H), 3.42 (d,= 15.0 Hz, 1H), 2.88 (d] = 15.0 Hz, 1H), 2.79 (1]

= 6.0 Hz, 2H), 2.32 (ddd] = 18.5, 7.5, 7.5 Hz, 1H), 2.25 (dd#l= 14.5, 12.0, 3.5 Hz,

1H), 2.06 (t,J = 4.5 Hz, 1H), 2.03 — 1.92 (m, 1H), 1.87 Jd&; 18.5 Hz, 1H), 1.77 (ddd,
=14.0, 9.5, 4.5 Hz, 1H), 1.38 (ddil= 13.0, 9.5, 4.0 Hz, 1H), 0.98 (s, 3H), 0.82 (s, 4H).
¥C NMR (126 MHz, CDG) § 216.8, 174.0, 171.9, 155.3, 155.1, 128.8, 113.7, 110.5,
104.9, 58.9, 49.6, 42.8 (2 carbons), 39.5, 36.8, 27.0, 25.8, 19.7, 19.5. HRMS (ESI+, m/z)
calculated for GgH,7N,OgS[M + H]" 455.1488, found 455.1502.

3-Hexanamido-2,4-dihydroxybenzoic aci-(49

OH H
N\“/\/\/
(0]
OH
HO™ ~O

The compound was synthesized with an overall yield of 41% #e#8and 14
mg material was obtained.
'H NMR (500 MHz, Acetone} 7.65 (d,J = 9.0 Hz, 1H), 6.49 (d] = 9.0 Hz, 1H), 2.64

(t, J=7.5 Hz, 2H), 1.83 — 1.64 (m, 2H), 1.45 — 1.31 (m, 4H), 0.9B<t7.0 Hz, 3H)**C
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NMR (126 MHz, Acetonep 175.8, 172.7 (br), 156.8, 156.3, 129.0, 115.4, 111.3, 105.2,
30.3, 30.1, 26.3, 23.1, 14.2. HRMS (ESI+, m/z) calculated f@H&NOs [M + HJ"
268.1185, found 268.1197.

2,4-Dihydroxy-3-(2-methylbutanamido)benzoic a3d-19

N
OHO
HO™ ~O

The compound was synthesized with an overall yield of 54% #eA8and 15
mg material was obtained.
'H NMR (500 MHz, CDCJ) § 11.55 (s, br, 1H), 11.35 (s, br, 1H), 7.97 (s, 1H), 7.68 (d,
= 9.0 Hz, 1H), 6.58 (d] = 9.0 Hz, 1H), 2.61 — 2.43 (m, 1H), 1.90 — 1.70 (m, 1H), 1.70 —
1.52 (m, 1H), 1.31 (dJ = 7.0 Hz, 3H), 1.02 () = 7.5 Hz, 3H).**C NMR (125 MHz,
CDClg) 6 177.7, 174.2, 156.1, 154.5, 128.6, 114.6, 112.0, 103.1, 43.8, 27.7, 17.7, 11.9.

HRMS (ESI+, m/z) calculated for;@H:16NOs [M + H]* 254.1028, found 254.1020.

OH OMOM OMOM
NO, MOMCI, Et3N, CH,Cl, NO, 10% Pd/C, MeOH NH,
OH OMOM OMOM
6-11
Section 6.2

Compound 2-50

93%
OH |, OMO
2 M HCI, MeOH/H,0
N N ; 2 N NH,
Y™ L
OH ONDM

3-16

Scheme 6-3Synthesis of compour2+-16
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1,3-bis(methoxymethoxy)-2-nitrobenzere-11)

OMOM
NH,

OMOM

The reaction procedure refers to Section 6.2 (comp@dd. The compound
was synthesized with an overall yield of 83% from 2-nitroresor@ndl 0.16 g material
was obtained.
'H NMR (400 MHz, CDC)) 6 6.79 (d,J = 8.5 Hz, 2H), 6.64 (AA'BB'J = 8.5, 7.5 Hz,
1H), 5.20 (s, 4H), 3.95 (s, br, 2H), 3.51 (s, 6HL NMR (100 MHz, CDG)) § 145.2,
127.4, 116.9, 109.0, 95.2, 56.0. HRMS (ESI+, m/z) calculated fgt:gNO, [M + H]*
214.1079, found 214.1079.
Compound3-16

T

H
N N

The compound was synthesized with an overall yield of 17% 6&eii and 26
mg material was obtained.
[a]p?? = —=13.5° ¢ = 0.5 in MeOH: CHGJ = 1 : 20).*H NMR (500 MHz, CDC}) 5 10.32
(s, 1H), 6.96 (t) = 8.0 Hz, 1H), 6.51 (d] = 8.0 Hz, 2H), 5.44 (s, 2H), 3.21 (dbz 13.5,
1.5 Hz, 2H), 3.06 — 2.96 (m, 1H), 2.85 (d= 13.5 Hz, 2H), 2.76 — 2.64 (m, 1H), 2.64 —
2.50 (m, 2H), 2.42 — 2.10 (m, 8H), 2.03 (s, br, 2H), 1.16 (s, 6H), 1.05<@8,5 Hz, 2H),

0.81 (d,J = 4.0 Hz, 6H).*C NMR (125 MHz, CDGJ) § 173.4, 149.7, 145.1, 126.8,

122.4, 115.5, 109.8, 60.2, 49.8, 44.8, 40.8, 38.0, 33.3, 31.8 (2 carbons), 26.4, 21.2.

HRMS (ESI+, m/z) calculated for,gH41N-03 [M + H]" 465.3117, found 465.31009.
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(-)-Myrtemycin methyl estei317)

H oy (@T
Sy
OH

MeO™ ~O

The compound was synthesized with an overall yield of 65% #e8®and 15
mg material was obtaineB; = 0.40, MeOH/ CHGI=1:10.
[a]p?? = =9.4° € = 0.5in MeOH: CHCE = 1 : 20)*H NMR (500 MHz, CDC}) & 11.59 (s,
1H), 10.75 (s, 1H), 10.52 (s, 1H), 7.61 Jc& 9.0 Hz, 1H), 6.53 (d] = 9.0 Hz, 1H), 5.43
(s, 2H), 3.94 (s, 3H), 3.23 (d= 12.5 Hz, 2H), 3.10 — 2.92 (m, 1H), 2.80Jc 13.0 Hz,
2H), 2.75 — 2.63 (m, 1H), 2.63 — 2.46 (m, 2H), 2.28 (dd11.5, 5.0 Hz, 4H), 2.20 (dd,
=18.0, 2.5 Hz, 2H), 2.14 (d1,= 8.5, 5.5 Hz, 2H), 2.09 — 1.94 (m, 2H), 1.14 (s, 6H), 1.04
(d, J = 8.5 Hz, 2H), 0.80 (s, 6H}°C NMR (126 MHz, CDGCJ) § 173.8, 171.1, 156.0,
155.1, 145.3, 127.7, 122.3, 115.1, 111.5, 104.2, 60.4, 52.3, 50.0, 44.6, 40.7, 37.9, 33.3,
31.7 (2 carbons), 26.2, 21.2. HRMS (ESI+, m/z) calculated fgH@N,Os [M + H]
523.3172, found 523.3172.

(-)-Homo-myrtemycin3-18

The compound was synthesized with an overall yield of 45% &80 and 25
mg material was obtaineB; = 0.45, NH*H,O (28% ag.)/ MeOH/ CHGI= 1/7/55.
[a]p?? = =7.4° € = 0.5 in MeOH: CHG = 1 : 20).*H NMR (600 MHz, CDCYMeOD =
20/1)5 7.65 (d,J = 8.5 Hz, 1H), 6.33 (d] = 8.5 Hz, 1H), 5.73 (s, 2H), 3.48 (d, br=

11.5 Hz, 2H), 3.41 — 3.21 (m, covered by the solvent residue peak, 2H), 3.05 (9, br, 1H
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2.88 (s, br, 1H), 2.74 — 2.55 (m, 2H), 2.45 (bt 9.0, 5.5 Hz, 2H), 2.42 — 2.19 (m, 6H),

2.19 — 1.97 (m, 4H), 1.26 (s, 6H), 1.14 Jd5 9.0 Hz, 2H), 0.83 (s, 6H}’C NMR (150

MHz, CDCL/MeOD = 20/1)8 176.0 (br), 175.3, 159.0, 156.6, 142.3 (br), 130.6, 128.6
(br), 113.4, 112.5, 107.8, 71.5, 60.1, 54.4, 45.7, 41.8, 39.1, 34.9, 32.7 (2 carbons), 26.6,
21.6. HRMS (ESI+, m/z) calculated fogE43N,0s5 [M + H]" 523.3172, found 523.3164.

Compound3-19

o
S

The compound was synthesized with an overall yield of 67% fratanine and
(-)-myrtenal and 0.30 g material was obtained.
[¢]p®’ = —8.3° € = 3.0in MeOH: CHC} = 1 : 20).*H NMR (400 MHz, CDC}) 6 5.52 (s,
2H), 3.24 (d,J = 12.0 Hz, 2H), 3.08 — 2.94 (m, 1H), 2.89 Jc& 13.0 Hz, 2H), 2.67 —
2.45 (m, 3H), 2.42 (dt] = 9.0, 5.5 Hz, 2H), 2.29 (d, b¥,= 18.0 Hz, 2H), 2.21 (dd, ba,
= 18.0, 2.5 Hz, 2H), 2.14 (t, bd,= 5.0 Hz, 2H), 2.16 — 1.98 (m, 2H), 1.25 (s, 6H), 1.06
(d, J = 9.0 Hz, 2H), 0.78 (s, 6H}*C NMR (100 MHz, CDGJ) § 174.0, 142.3, 125.1,
58.9, 48.9, 44.3, 40.3, 38.0, 31.7, 31.6, 29.4, 26.1, 21.1. HRMS (ESI+, m/z) calculated
for CosHsgNO, [M + H]' 358.2746, found 358.2743. IR (chh 2916 (s), 1718 (s), 1383
(s), 1195 (s), 1038 (m), 752 (m).

(-)-Myrtamycin 3-20

OH
o)
HO,C NJ\/\N
HO H K@
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(-)-Myrtanal was prepared by Corey-Kim oxidation [349] fror2%$59)-(-)-
myrtanol (99 % ee). And the crude material was used for pathwaithbut further
purification. The compoun®{20 was synthesized with an overall yield of 63% fram
50 and 0.40 g material was obtainé¥.= 0.35, NH*H,O (28% aq.)/ MeOH/ CHGI=
1/7/55.

[a]p™* = —9.6° € = 0.6 in MeOH: CHGJ =1 : 20).*H NMR (500 MHz, [D5] pyridine)

8.25 (d,J = 8.5 Hz, 1H), 6.80 (d] = 8.5 Hz, 1H), 3.05 — 2.88 (m, 1H), 2.87 — 2.65 (m,
3H), 2.22 — 2.12 (m, 4H), 2.11 — 2.02 (m, 4H), 1.85 — 1.65 (m, 6H), 1.68<6,5 Hz,

2H), 1.62 — 1.50 (m, 2H), 1.36 — 1.26 (m, 4H), 1.22 (s, 6H), 0.83 (s EHNMR (126

MHz, [D5] pyridine)s 175.9, 174.4, 158.9, 155.5, 129.6, 123.8, 115.9, 109.2, 61.2, 53.4,
445, 42.2, 40.0, 34.0, 31.2, 27.6, 25.5, 24.3, 21.5, 20.9. HRMS (ESI+, m/z) calculated
for CagHssN2Os [M + H]™ 513.3328, found 513.3326. IR(cm-1): 2916 (m), 1556 (m),
1384 (s), 1266 (m), 736 (S).

(+)-Myrtemycin 3-21)

o
o
HO,C NJ\AN
HO L !'

The compound was synthesized with an overall yield of 69% f2e60 and 0.75 ¢
material was obtained. (+)-Myrtenal was synthesized leyalitre method [350] from
(+)-pinene (99 % eeR; = 0.40, NH+H,0 (28% aq.)/ MeOH/ CHGI= 1/7/55.

[a]p?° = +10.8° € = 1.0in MeOH).*H NMR (600 MHz, [D5] pyridine) 10.84 (s, 1H),
8.12 (d,J = 8.5 Hz, 1H), 6.88 (d] = 9.0 Hz, 1H), 5.56 (s, 2H), 3.42 @= 12.4 Hz, 2H),

3.35 — 3.25 (M, BR, 1H), 3.23 — 3.08 (m, 4H), 3.08 — 2.90 (m, br, 1H), 2.64 (s, 2H), 2.36
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(dt,J = 8.5, 5.5 Hz, 2H), 2.20 (dd,= 50.0, 17.5 Hz, 4H), 1.96 (s, 2H), 1.24 (s, 6H), 1.20

(d, J = 8.5 Hz, 2H), 0.85 (s, 6H}*C NMR (126 MHz, [D5] pyridine) 175.8, 174.5,

159.0, 158.8, 146.2, 130.4, 123.9, 116.3, 111.2, 108.1, 61.0, 51.4, 45.8, 42.1, 39.1, 34.6,
33.2, 32.9, 27.4, 22.3. HRMS (ESl+, m/z) calculated fasHGEN-Os [M + HJ
509.3015, found 509.3015. IR(cm-1): 2917 (s), 1654 (s), 1447 (m), 1366 (m), 1312 (s),
1181 (s), 1051 (s), 891 (m), 792 (s).

Compound3—-22

OHH H
N N

o

The compound was synthesized with an overall yield of 20% #e&b and 26
mg material was obtaineB; = 0.30, NH*H,O (28% ag.)/ MeOH/ CHGI= 1/7/55.
'H NMR (600 MHz, MeOD) 7.65 (d,J = 8.5 Hz, 1H), 6.34 (d] = 8.5 Hz, 1H), 5.78 (s,
1H), 3.56 (d, brJ = 5.0 Hz, 2H), 3.40 — 3.30 (m, covered by the solvent residue peak,
2H), 2.92 (tJ = 6.0 Hz, 2H), 2.50 (df] = 9.0, 5.5 Hz, 1H), 2.35 (q, b= 18.0 Hz, 2H),
2.27 — 2.18 (m, 1H), 2.12 (s, 1H), 1.32 (s, 3H), 1.2 8.5 Hz, 1H), 0.87 (s, 3H}°C
NMR (151 MHz, MeOD) 176.0, 172.3, 159.6, 157.2, 140.8, 131.0, 127.0, 112.8, 112.7,
107.4, 58.4, 53.3, 45.4, 44.7, 41.8, 39.2, 32.3 (2 carbons), 26.5, 21.5. HRMS (ESI+, m/z)
calculated for gH,7N,Os [M + HJ" 375.1920, found 375.1919.

3-(3-aminopropanamido)-2,4-dihydroxybenzoic acid (as TEAA 3a23

N\n/\/NHz
H o’

Et—N"Et
£t 0”0
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The compound was synthesized with an overall yield of 15% #&eb@and 5 mg
material was obtained. The product was purified on HPLC (RP-C18 oplun®o—> 15
% B in 0> 20 min (A: 0.1 M TEAA in water, B: acetonitrile).
'H NMR (500 MHz, MeOD) 7.69 (d,J = 9.0 Hz, 1H), 6.47 (d] = 9.0 Hz, 1H), 3.28 (t,
J = 6.5 Hz, 2H), 2.89 (tJ = 6.5 Hz, 2H)}°*C NMR (126 MHz, MeODY¥ 173.7, 172.2,
160.2, 131.3, 113.0, 109.0, 106.4, 40.6, 37.1. HRMS (ESI+, m/z) calculated for

C10H13N>05 [M + H]Jr 241.0824, found 241.0801.

6.4  Synthetic protocols for compounds in Chapter 4
6.4.1 Synthesis of compound 4-1 and 4-2

For the synthesis of natural c-di-GMP, see ref [330]. The ssistlod endo-S-c-
di-GMP is outlined inScheme 4-1in Section 4.1.1, and the detailed procedure was
described below.

2’-0OTBS, N-acetyl guanosine-3’-dicyanoethylphosphorothiodtef(

(0]
NH O

N
<N |N/)\)J\

HO N
(6] H

H H
/\ (I) OTBS
NC O—FI’:S

NGO

Standard guanosine phosphoramidite3 (1.03 g, 1.09 mmol) and cyanoethyl
alcohol (0.40 mL 5.5 mmol) were dissolved in anhydrous acetonitrile (JbanRT
under argon and stirred for 15 min. After the addition of imidazoliurohperate [351]
(0.70 g, 4.0 mmol), the reaction mixture was stirred for 6 h at Rac&me reagent KB

1,2-benzodithiole-3-one 1,1-dioxide, 0.55 g, 2.8 mmol) was then added, and trenreacti
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mixture was stirred for an extra 1 h before an aqueous solution,§§®¢g1 M, 30 mL)
was poured into the reaction vessel to quench the reaction ag@l,GBO mL) was
added. The two layers were immediately separated and the olggmiovas collected.
The aqueous layer was then extracted with@HH{50 mL x 2) and the combined organic
layer was concentrated with a rotary evaporator to dryness.

The crude material was re-dissolved in £LH (20 mL), and dichloroacetic acid
(2.00 mL, 12.2 mmol) was added dropwise over 5 min to form a red/osaiggon.
After stirring for 10 min at RT, an aqueous solution of NaHC&turated solution, 30
mL) was poured into the reaction mixture to quench the reactianitwh layers were
separated and the organic layer was collected. The aqueouwésydren extracted with
CH.CI, (50 mL x 2) and the combined organic layer was concentratedreduaged
pressure. The crude product was immediately purified with@asiel (40 g, 400-mesh)
column with gradient elution (2-10 % MeOH in &b, Ry = 0.45, 10 % MeOH in
CH.CI,). Product (60 % from phosphoramidie-3 was collected as a pale yellow
glacial solid.
H NMR (500 MHz, CDCY) 6 12.33 (s, 1H), 9.96 (s, br, 1H), 7.89 (s, 1H), 5.76](d,
7.0 Hz, 1H), 5.12 (dd] = 10.5, 4.5 Hz, 1H), 5.04 (d,= 5.0 Hz, 1H), 4.87 (d] = 5.0 Hz,
1H), 4.40 — 4.22 (m, 4H), 3.99 @@= 12.5 Hz, 1H), 3.90 — 3.71 (m, 1H), 2.95 — 2.71 (m,
4H), 2.31 (s, 3H), 0.73 (s, 9H), —0.09 (s, 3H), —0.28 (s, BP)NMR (202 MHz, CDG)
8 67.7.2°C NMR (126 MHz, CDGJ) & 173.0, 155.6, 147.9, 139.5, 122.4, 116.8, 89.3,
84.6, 78.9, 73.5, 63.0, 61.9, 53.6, 31.0, 25.6, 24.5, 19.7, 18.0, —-4.7, -5/RMES&ir

[C24H37N708PSSiTZ calculated 642.1931, found 642.1902.
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Compound-5

0]

N NH O
<N]'\)L/x 1

N™ °N
H

H H
7\ CI) OTBS
NC O—FI’=S
(0]
NG

A solution containing guanosine phosphothiodtel (0.27 g, 0.42 mmol) and
phosphoramidite&l-3 (0.59 g, 0.63 mmol) in anhydrous acetonitrile (15 mL) was stirred
at RT under argon for 15 min. After the addition of imidazolium perelt¢ (0.35 g, 2.0
mmol), the reaction mixture was stirred for 6 h at RBUOOH (70 % aqueous solution,
0.50 mL, 3.9 mmol) was then added, and the reaction mixture was stirraal éotra 10
min before an agueous solution of S#0; (1 M, 30 mL) was poured into the reaction
vessel to quench the reaction and,CH (30 mL) was added. The two layers were
immediately separated and the organic layer was collectedadueous layer was then
extracted with CHCI, (50 mL x 2) and the combined organic layer was concentrated
with a rotary evaporator to dryness.

The crude material was re-dissolved in £CH (20 mL), and dichloroacetic acid
(0.50 mL, 6.1 mmol) was added dropwise over 5 min to form a red/orangesoliter
stirring for 10 min at RT, an aqueous solution of NaH@§aturated solution, 30 mL)
was poured into the reaction mixture to quench the reaction. The twos lavere
separated and the organic layer was collected. The aqueouwésydren extracted with
CH.Cl, (50 mL x 3) and the combined organic layer was concentratedreduged

pressure. The crude product was passed through a short silicahgein (10 g) with
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elution of 2:1 acetone: hexane (100 mL) to remove the byproduct. Biredi@roduct
could be eluted with 1:10 MeOH: GElI, (R = 0.25) and then dried thoroughly under
high vacuum.

A mixture of the crude material, methyltriphenoxyphosphonium iodide (0.95 g
2.10 mmol) and 2,6-lutidine (1.00 mL, 8.61 mmol) was dissolved in anhydrous(DMF
mL) under argon. The reaction was stirred for 1 h at RT beforaqueous solution of
NaS;03 (1 M, 30 mL) and CHKCI, (30 mL) was poured into the reaction mixture. The
two layers were separated and the organic layer was ealleChe aqueous layer was
then extracted with Ci€l, (50 mL x 3) and the combined organic layer was concentrated
at a reduced pressure. The crude product was immediatelie@with a silica-gel (40
g) column with gradient elution (1-8 % MeOH in &, R = 0.30, 5 % MeOH in
CH.CI,). 0.42 g product (61 % from intermediated) was collected as a pale yellow
glacial solid.
'H NMR (500 MHz, CDCJ) & 12.28 (s, 1H), 12.15 (s, 1H), 10.75 (d= 7.0 Hz, 2H),
7.84 (s, 1H), 7.72 (s, 1H), 5.76 (dbi= 22.0, 7.0 Hz, 2H), 5.41 — 5.15 (m, 2H), 5.15 —
4.89 (m, 2H), 4.74 — 4.49 (m, 2H), 4.49 — 4.12 (m, 8H), 3.62Jad10.5, 8.0 Hz, 1H),
3.46 (dd,J = 10.5, 5.0 Hz, 1H), 2.84 — 2.69 (m, 6H), 2.24Jd; 2.5 Hz, 6H), 0.74 (s,
9H), 0.73 (s, 9H), —0.05 (s, 3H), —0.06 (s, 3H), —0.23 (s, 3H), —0.29 (s>BHYMR
(202 MHz, CDC}) & 67.9, —2.9°C NMR (126 MHz, CDG)) & 173.1, 155.9, 155.7,
148.5, 148.1, 139.7, 138.8, 122.8, 122.3, 116.9, 116.7, 89.3, 88.8, 82.5, 81.4, 79.7, 72.8,
71.9, 67.8, 63.3, 63.0, 29.7, 25.6, 24.3, 19.8, 18.0, 5.5, -4.57, —4.79, -5.15, -5.18.

ESF/MS for [C45H67|N13O]_5P288i2]+1 calculated 1306.2659, found 1306.2570.
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Endo-S-c-di-GMP4-2, as a triethylammonium salt)

2
¢ <N lN//I\NH
0=P—0_ 2
OH O }ﬁ j‘
H H
@ H H
o OH
S-P=0

3
Ty o
HN N 2 (NHEty)*

5-lodo guanosine phosphothioate-5 (50 mg, 0.038 mmol) was stirred with
ammonia (30 % NEDH in water, 5 mL) at RT for 24 h. The solvent was removed with a
rotary evaporator and the crude material was thoroughly dried ungdlerviaicuum.
Anhydrous pyridine (1.0 mL) and NEHF (0.25 g, 1.6 mmokaution! the chemical is
highly toxig were added carefully into the plastic reaction vessel, andthikieire was
stirred vigorously at 50 °C for 6 h. Upon the immediate addition of acé&ihenlL), a
white precipitate formed. The solid was filtered by a powdemél with a piece of
cotton, and was washed with acetone (5 mL x 4). The collected cradecpmwas then
re-dissolved in water (10 mL), purified by HPLC (Nacalai tesgG&8-MS Il column),
concentrated at a reduced pressure, and washed with acetohex(8)no remove the
excess of TEAA (triethylammonium acetate) buffer. 16 mg prodias collected as a
white solid (59 % frond-5).
'H NMR (500 MHz, DO, with water suppressioi)8.25 (s, 1H), 8.10 (s, 1H), 6.12 (s,
1H), 6.05 (dJ = 4.5 Hz, 1H), 5.22 — 5.02 (m, 3H), 4.87 {ds 5.0 Hz, 1H), 4.59 — 4.53
(m, 2H), 4.50 (dJ = 12.5 Hz, 1H), 4.24 (d] = 12.5 Hz, 1H), 3.42 (ddd, = 13.0, 12.5,
7.5 Hz, 1H), 3.30 (] = 7.5 Hz, 12H), 3.22 (ddd,= 14.0, 12.0, 3.0 Hz, 1H), 1.38 {t=

7.5 Hz, 18H)3'P NMR (202 MHz, RO) § 19.9, —0.43°C NMR (151 MHz, BO) 5 158.9
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(2 carbons), 153.9, 153.8, 151.6, 1£ 138.1, 137.1, 116.5 (2 carbons), 89.2, 88.0, ¢
79.6, 74.3, 73.5, 72.0, 70.8, 62.4, 46.7, 31.4, ESI/MS for [C20H23N10013P28]_:

calculated 705.0647ound705.0620.

6.4.2 Cleavage of c-dGMP and endo-S-c-di-GMP by RocR

The RocR enzymatic reaction was scaledto 500 uM endoS-c-di-GMP in a
total volume of 0.50 mL, and other conditions remedi the same as indicated in Sec
6.6.2 At three time points: 30 min, 2 h and 1&aliquots of the reaction were taken ¢
thereaction was stopped by adding a final concentiatiocS5 mM EDTA and cooling o
ice. RocR was then removed by running through @ sekclusion column. The samp

were subsequently stored—20 °C until HPLC analysid{gure 6-3.
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endo-S-c-di-GMP
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Figure 6—3.HPLC ana&sis of cleavage of en-S-c-di-GMP by RocR. Condition: -
11 % B, 0> 16 min (A: 100 mM TEAA buffer in water; B: acetoni¢), RT.
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The HPLC chromatographyigure 6—3 clearly showed that endo-S-c-di-GMP
(at 15.5 min) was converted to a product (at 20.3 min) almost quamtiyasifter 18 h.
Mass spectrometry and NMR analysis both indicated that §@Gwvas the product
(terminal phosphothioates usually give*¥®NMR signal at 16-17 ppm [352,353],
whereas the endo-sulfur phosphothioates have signals around 20 ppm [354]. Adglitionall
terminal phosphates (dianionic) hat®NMR peaks around 1 ppm (see NMR data for
pGpG @-7), whereas phosphodiesters (monoanionic) HaBIMR signals around —1
pm [333]. The*’PNMR of the product of the RocR cleavage reaction has pealtsat
and 20.3 ppm (characteristic of a phosphodiester and a terminal phospkothioat
respectively); therefore we conclude that cleavage of enddi$dIP exclusively
occurred at the natural phosphate site.
5-pG>pG (4—6)
'H NMR (600 MHz, DO) § 7.82 (s, 1H), 7.78 (s, 1H), 6.00 (= 3.0 Hz, 1H), 5.63 (d]
= 5.0 Hz, 1H), 5.33 (td] = 7.5, 3.5 Hz, 1H), 5.13 (ddd= 11.0, 7.0, 5.0 Hz, 1H), 4.62 —
4.51 (m, 2H), 4.47 — 4.37 (m, 1H), 4.20 (ddds 11.5, 4.5, 2.5 Hz, 1H), 4.12 (dt,=
11.0, 5.5 Hz, 1H), 4.06 (dd,= 6.0, 4.5 Hz, 1H), 3.08 (d,= 7.5 Hz, 9H), 2.60 (ddd), =
20.5, 14.5, 5.5 Hz, 2H), 1.15 @,= 7.5 Hz, 15H)3)P NMR (162 MHz, BO) & 20.3, —
0.5. ESI/MS for [CyoH23N10013P-ST: calculated 705.0647 [M—@]", found 705.0622.
pGpG bis(triethylammonium) sal7)
'H NMR (600 MHz, DO) & 7.93 (s, 1H), 7.86 (s, 1H), 5.74 (t= 5.5 Hz, 1H), 5.69 (d]
= 5.5 Hz, 1H), 4.48 — 4.33 (m, 1H), 4.30 (s, 1H), 4.21 (s, 1H), 4.13 &f,1.5, 3.0 Hz,

1H), 4.05 (dtJ = 11.5, 4.0 Hz, 1H), 3.99 — 3.77 (m, 2H), 3.07Xg, 7.5 Hz, 12H), 1.15
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(t, J = 7.5 Hz, 18H).*P NMR (243 MHz, BO) & 1.1, —0.6. ESIMS for

[C20H25N10015P;] : calculated 707.0982, found 707.0989.

6.4.3 Syntheses of compounds 4-52 and 4-53

Jones’ strategy for the synthesis of c-di-GMP [330] was adoptetidaynthesis
of c-di-GMP analogs containing natural phosphate linkages2 and 4-53 Crude
materials were used for the steps up until intermedalel before the first purification
was done $cheme 6-% 2.0 g of starting phosphoramidite11was used. After mono-
cyanoethyl protecte®-14 was obtained, the solvent was removed from the reaction
mixture by high-vacuum to yield a sticky yellow solid. Thisud® material was
transferred to a centrifuge tube and was sequentially washedEtw@#c (50 mL x 2),
MeOH (50 mL x 3) and centrifuged each time. The EtOAc layss extracted with D
(25 mL x 2), and the aqueous layer combined with the MeOH layer and¢ancentrated
and subjected to HPLC purification. HPLC condition:-2025% B, 0-> 20 min (A: 0.1
M TEAA in water; B: acetonitrile). The product was identifiey ESI-MS (negative
mode) before the global deprotection step. Procedures for global dgiprgteising
ammonium hydroxide, and HPLC purification of the final compound werdasiro

those used for preparing compouhel
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Scheme 6-4Synthesis of compound$-52 (R; = Me) and4-53 (R; = F). Modified
conditions from ref [330] were used: a) pyridinium trifluoroacetek®, thent-BuNH;;

b) dichloroacetic acid, then quenched with pyridine; ¢) comp@uid; d) t-BuOOH; e)
dichloroacetic acid, then quenched with pyridine; f) 5,5-dimethyk@-2-chloro-1,3,2-
dioxaphosphinane (DMOCP); g), IH,O, then HPLC purification; h) ammonia, then
HPLC purification.

2',2’-di-OMe c-di-GMP bis(triethylammonium) sad{52

0
S
HO O _
N2 N
OMeOP/O N" NH
o)
o)
O. .0 OMe
HQN\r/N N o on
0

'H NMR (500 MHz, BO)  7.93 (s, 2H), 5.88 (d] = 6.0 Hz, 2H), 4.81 (td] = 8.5, 4.5

Hz, 2H), 4.44 (t) = 5.5 Hz, 2H), 4.33 (d] = 3.0 Hz, 2H), 3.81 (dd] = 13.0, 2.5 Hz, 2H),
3.76 (dd,J = 13.0, 3.5 Hz, 2H), 3.39 (s, 6H), 3.10 J&s 7.5 Hz, 12H), 1.18 (f] = 7.5 Hz,

18H).*’P NMR (202 MHz, BO) & 0.1."*C NMR (126 MHz, BO) § 158.7, 153.7, 151.3,
138.0, 116.6, 86.0, 85.0, 81.2, 72.1, 61.1, 58.1, 46.6, 8.IMESfor [CroHo7N1¢014P2] ™

calculated 717.1189, found 717.1150.
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C-di-dGMP bis(triethylammonium) sak#-63

o}
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HN__N._N P H
JN/ | /> 0O~ "OH
(6]
'H NMR (400 MHz, DO) § 7.96 (s, 2H), 6.21 (s, 2H), 5.07 — 4.86 (m, 1H), 4.15 (s, 2H),
4.00 (dd,J = 40.0, 10.5 Hz, 3H), 3.06 (4,= 7.5 Hz, 12H), 2.99 — 2.77 (m, 2H), 2.63 (dt,
J=14.0, 7.0 Hz, 2H), 1.14 (§,= 7.5 Hz, 18H)*'P NMR (161 MHz, BO) 5 —0.5. ESI

IMS for [C20H23N10012P2]_Z calculated 657.0978, found 657.0998.

6.4.4 Solid support synthesis (compounds 4-54 to 4-57)

Sulfonylethyl-ODMT CPG (10 umol/g) was prepared followingréiture [344]
(seeScheme 6—1credit: Andrew Shurer). The solid support was loaded (0.1 g)heto t
synthesis columnFjgure 6—-2b and sealed tightly. A DNA/RNA synthesizer was used
for making the dinucleotide and was set up as described in SectionFdure (6—2).
Two cycles of standard 1.0mol RNA program (DMT-off) were performed with an
interruption before the oxidation step during the first cycle andoxidation step was
done manually, using a solution of Beacauge reagent (1 mg/mL in ankyalretonitrile,

1 mL) for 30 min using the apparatus showirigure 6—4.A white precipitate might be
observed in the syringes in the sulfurization step, and after dlseéae was finished, the
synthesis column was put back on to the DNA/RNA synthesizer foretsteof the

synthesis cycles.
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Figure 6—4. Sulfurization of the phosphonate on CPG beads. #ptg syringe an
another one with 1 mL Beacauge reagent (1 mg/mlanhydrous acetonitrile) we
atached on each side of the synthesis column. Tiuédliwas passed through the colu
by pushing and pulling the two syringes simultarsipurhis liquid transfer was repeat

three times during the 30 mi

When the two synthesis cyclwere completedhe synthesis column was wast
with anhydrous acetonitrile for another 60 s on BI¢A/RNA synthesizer before tt
CPG beads in the synthesis coluwere dried by blowing througtwith argon. The
DNA/RNA synthesizer can handle four synthesis calamimultineousl and a total of
24 columns were synthesized for each analog. Tdar-dried CPG beads were collect
in a roundbottom flask (theoretically contained umol nucleotides). The CPG bec
were then further dried under the high vacuum fdr Wwhile gntly stirring. Anhydrous
DMF (10 mL) was transferred to the flask containitng dried CPG beads with
cannula,followed by a rapid transf of methyltriphenoxyphosphonium iodi (0.95 g,
2.10 mmol) and 2,@4tidine (1.00 mL, 8.61 mmol) under the protewsti of argol. The
reaction was stirred for 1 h at RT bef@an aqueous solution of p&0; (1 M, 30 mL)
was poured into the reactimixture The CPG beads were washed wit;O (10 mL x
3) and methanol (10 mL x 3) in a Buchner funnebbeftransferred in" a round-bottom
flask and stirred with ammonia (30 % ;,OH in water, 15 mL) at 40 °C for overnig!

The reaction mixture was then filtered and rinseith W,O (10 mL x 3). The combine
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filtrate was concentrated and for analdg$4 4-55and4-57 the crude products were
directly subjected to HPLC purification. For the procedure of OgBfip deprotection
of analog4-56 and HPLC conditions refer to the preparation of compot+2 The
factions collected from HPLC were concentrated at a reduessyme, and washed with
acetone (2 mL x 5) to remove the excess of TEAA (triethgi@nium acetate) buffer. 3—
14 mg product of compounds-54 to 4-57 was collected as a white solid (estimated
yields of 18-83 % were obtained, based on the estimated loading of the CPG beads).

2',2’-difluoro-endo-S-c-di-GMP bis(triethylammonium) sait%4)
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'H NMR (500 MHz, DO, water suppression, 50 °€8.28 (s, 1H), 8.15 (s, 1H), 6.51 (d,
J=19.0 Hz, 1H), 6.42 (d} = 19.0 Hz, 1H), 5.98 (dd,= 52.0, 3.5 Hz, 1H), 5.80 (dd=
52.0 3.5 Hz, 1H), 5.50 (tdd, = 13.0, 8.5, 5.0 Hz, 1H), 5.35 (dt= 22.5, 9.0 Hz, 1H),
4.63 (d,J = 12.5 Hz, 1H), 4.33 (d] = 11.0 Hz, 1H), 3.69 (df = 13.5, 5.0 Hz, 1H), 3.30
(t, J = 11.0 Hz, 1H)3P NMR (202 MHz, DO, 50 °C)s 19.3, —0.5. ESIMS for
[C20H21F2N10011P,ST: calculated 709.0561, found 709.0596.

2',2’-di-OMe-endo-S-c-di-GMP bis(triethylammonium) salt%5)

0]

N NH
oo ST

OMe 0" ~O N©NH
o]
o]
S. .0 OMe
H,N_ N P
2 Y | N> 0” “OH
HN N
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'H NMR (500 MHz, BO, 50 °C)s 8.31 (s, 1H), 8.18 (s, 1H), 6.30 (s, 1H), 6.19)¢,

4.5 Hz, 1H), 5.35 (dt) = 10.0, 5.0 Hz, 1H), 5.21 (td,= 9.0, 5.0 Hz, 1H), 4.91 (,= 4.5

Hz, 1H), 4.66 — 4.52 (m, 4H), 4.39 — 4.23 (m, 1H), 3.87 (s, 3H), 3.76 (s, 3H), 3.52 (ddd,

= 14.0, 11.5, 7.5 Hz, 1H), 3.38 (@= 7.5 Hz, 12H), 3.32 (ddd), = 14.0, 11.5, 3.0 Hz,

1H), 1.47 (tJ = 7.5 Hz, 18H)*'P NMR (202 MHz, RO, 50 °C)§ 18.9, —0.7*°C NMR

(126 MHz, DO, 50 °C)5 159.9 (2 carbons), 154.9, 154.8, 152.6, 152.0, 139.1, 138.2,
117.6 (2 carbons), 88.1, 87.7, 83.7, 82.3, 81.8, 80.8, 74.1, 71.3, 71.2, 63.3, 59.9, 47.9,
32.4, 9.30. ESIMS for [CyoH27/N10013P-S]: calculated 733.0960, found 733.0981.

2',2’-OMe-OH-endo-S-c-di-GMP4-56)

0

HO. _O z
~ 7 N
oH o’P/\o N~ “NH,
0
o)
S.._.O OMe

'H NMR (500 MHz, DO, water suppression, 50 °€8.32 (s, 1H), 8.18 (s, 1H), 6.29 (s,
1H), 6.12 (dJ = 4.5 Hz, 1H), 5.35 — 5.06 (M, 3H), 4.74 — 4.48 (m, 3H), 4.31 £d1.3.0
Hz, 1H), 3.84 (dJ = 3.0 Hz, 3H), 3.50 (ddd), = 13.5, 11.5, 7.5 Hz, 1H), 3.35 — 3.17 (m,
1H).*'P NMR (202 MHz, DO, 50 °C)3 19.1, —0.2. ESIMS for [CriH2sN1gO19P>S]:
calculated 719.0804, found 719.0793.

Endo-S-c-di-dGMP triethylammonium sadt-57)

(0]

&
HO._.O z
S N
Ho o P55 N~ NH,
0
0
HN.__N__N Sp 0 H

z 0~ “OH
YWI>
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'H NMR (500 MHz, DO, water suppression, 50 °€8.26 (s, 1H), 8.23 (s, 1H), 6.65 —

6.43 (M, 2H), 5.41 (s, 2H), 4.69 — 4.48 (m, 2H), 4.46 — 4.27 (m, 2H), 3.42=(4,5 Hz,

6H), 3.33 (ddJ = 13.5, 5.5 Hz, 2H), 3.23 (ddd= 20.5, 13.5, 6.0 Hz, 2H), 3.02 (dt=

13.5, 6.0 Hz, 1H), 2.92 (ddd, = 11.0, 5.5, 5.0 Hz, 1H), 1.51 @ = 7.5 Hz, 9H)>'P

NMR (202 MHz, BO, 50 °C)6 19.7, —0.3. ESIMS for [C20H23N10011P28]_Z calculated

673.0749, found 673.0702.

6.5 Computational details

All of the calculations were performed with the Gaussian 03/09 program [298].

6.5.1 Ring-opening reaction

For ring-opening reaction in Chapter 2cheme 2—8 density functional B3LYP

[355,356] was used to locate all the transition structures and intete®dFrequency

calculations at the same level have been performed to cordocmstationary point to be

either a minimum or a transition structure. 6-31G basis set is applied ftanaérds. The

reported energiesTble 6-1 are zero-point energy-corrected electronic energi&s (

k), enthalpiesAHzqs k) and free energieAGos k).

Table 6-1. The computed energies and other thermal parameters for the enmgp

reaction (in Hartre€!

Structures Eele Eok H2os k Goos k

2-32 —-547.920343986 —-547.681748 -547.668910 —547.718623
TS-a -547.879565801 —547.643849 —547.631576 —547.679279
2-36 -547.960483826 —547.720075 —547.707858 —547.755868
TS-b —547.864745024 -547.629002 -547.616869 —547.664266
2-37 —-547.938092690 -547.697860 —-547.685563 —547.738836

[a] For the Cartesian coordinates of the computed structuresthse&upporting

Information of ref [273].
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6.5.2 Calculation of the radii (volumes) of c-di-GMP polymorphism

Hartree-Fock method and Onsager’'s model (Gaussian keyword: SCipiele)
in the self-consistent reaction field (SCRF) were used talegdcthe radius of the solute
cavity (Gaussian keyword: volume; parametergO Hlielectric constant = 78.4, a=
1000 A). The 3-21G basis set was used for atom C, N, O, and H, and 6-Ba€i&$et
was used for atom P, S and K.

According to Stokes-Einstein equation, Dk=T / (6 = 1 R), wherek is the
Boltzmann constant, T is the temperatuyés the solvent viscosity and R is the radius of
the molecular sphere. The diffusion constants in solution phase argeiyv@oportional
to the radii of the particles. The diffusion constant of monomede@MP and endo-S-
c-di-GMP were measured with previous reported method [227,316]. The iahffus
constants for other c-di-GMP aggregation states can be prediotedttie calculated
radii. Due to the low symmetry of endo-S-c-di-GMP aggregatesraithie calculation
requires higher computing resource. However, we assume that the ohtdifferent
aggregates of endo-S-c-di-GMP are similar to that of c-di-GlWHus we applied the
ratio of calculated radii for c-di-GMP aggregates, and the mnedsnonomeric endo-S-
c-di-GMP diffusion constant to predict other diffusion constants folo€c-di-GMP
aggregates. The results of the calculation were summarized ifathle 6-2 (See
Supporting Information of ref [357] for the Cartesian coordinateshef c-di-GMP

aggregate structures).
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Table 6—2.Calculation of the radii and diffusion coefficients of c-di-GMP polymorphism

Agareqates Cal_t_:ulate Symmetry of| Calculated diffusion
ggreg radii (A) the structures constant (18° m/<)

c-di-GMP

Monomeric c-di-GMP (closed 6.41 C2 301

Monomeric c-di-GMP (open) 6.34 C2 --

Dimeric c-di-GMP 7.91 L1 2.45

Tetrameric c-di-GMP 9.61 D4 2.01

Octameric c-di-GMP 11.92 D4 1.62
endo-S-c-di-GMP

Monomeric endo-S-c-di-GMP 6.50 c1 2 55

(closed)

Monomeric endo-S-c-di-GMP 6.07 c1 B

(open)

Dimeric endo-S-c-di-GMP -- -- 2.07

Tetrameric endo-S-c-di-GMP -- -- 1.70

Octameric endo-S-c-di-GMP -- -- 1.37

a) The diffusion constants of monomeric form of c-di-GMP and endaiS=dvIP were
measured from DOSY 4IT, relaxation analysis with no metal cation added (average
value; seeFigure 4-2 4-3 and Section 6.6.1 for detail); b) The dimeric c-di-GMP

structure was adapted from x-ray crystal structure (PDB code: 315A)

6.6 NMR experiments for T,/T, relaxation analysis (DOSY) and NOE

The Bruker AV 1l 600 MHz spectrometer was used to determinaliffiesion
constants and the NOE effect. The concentration of the sampdesowtolled at 3 mM
in DO (with or without K) using UV analysissbso nm=21600). The samples with 100
mM KCI was incubated at 90 °C for 5 min, cooled down to RT, and storéd@tfor
overnight before use. Shigemi NMR tubes@) were used for all experiments, in which
0.30 mL sample solution was applied. A temperature control module wdsfarsall
experiments at 30.0 °C [316].

DOSY was measured with the stimulated echo pulse sequencee(Byulse
program stebpgpl1s19) using bipolar gradient pulses and watergate ® %ul9ressed

the solvent. Key aquisition parameters for the DOSY experimehide the big delta(
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at 0.10 s, the number of scans at 8, relaxation delay at 2.5 s, anddiemgstrength was
varied 32 times lineary from 5 to 95% . The gradient pulse hegsghall deltas) within
the range of 1.4-1.8 ms was optimized under the experiment condition uppairithe
that the region of 5.5-9.0 ppm showed a good decay for the major peakiatdveere
processed with TopSpin 2.1 software witfiTE relaxation analysis. Exponantial function
was applied for the raw data and the curve-fitting of the desagsased on the area of
the peaks.

The condition of NOE experiment was referred to previous report [22i8re a
short mixing time (150 ms) was applied. Th&gure 6-5 illustrates that thesyn
conformer of guanine H8 and anomeric H showed a significantly sirqragitive NOE

(> 35 %) compared tanti conformer (< 8 %).

O JO}
HN
N N
NH
2 AR
l:\|_<N | NN HZN/(N N
¥ el K NOI52 2 strong positive
0 \ offoct 0 NOE effect
H H
777:0 OH 3{0 OH
anti syn

Figure 6-5.The NOE ofsyn-andanti- guanosines.

6.7 Biological assays
6.7.1 Minimal inhibitory concentration (MIC)

In Chapter 2, Staphylococcus aureugNewman), Streptococcus agalactiae
(2603V/R), andBacillus subtilis(3160) were routinely grown in tryptic soy broth, Todd
Hewitt broth and Luria Broth, respectively. For minimal inhibitorgncentration

determination, each of the strains was diluted to 5>cf0mL and 98 pL was added to

160



2 pL of diluted compounds or known antibacterial agent (carbenicillpladensimycin)
at the indicated concentration in sterile 96-well plate. The platere shaken for 24
hours at 37 °C in a humidified chamber. The MIC was determisedh@ lowest
concentration at which no bacteria were observed to grow as detertmn©Dsoo

(Figure 6—6). All experiments were performed in triplicate.

a -
0.45 +
0.40 +
0.35 —+ Oxazinidinyl platensimycin (2-30)
0.30 +
4 —#— Oxazinidinyl platensimycin
4
ODeoo 025 methyl ester (2-56)
0.20 + l —a&— Compound 2-57
0.15 +
010 -+ Carbenicillin
0.05 +
0.00 i ; N VARV we

0.00 0.01 0.10 1.00 10.00 100.00 1000.00

concentration/ pg-mL*

b P4
0.50

0.40 +

Oxazinidinyl platensimycin (2-30)
—#— Oxazinidinyl platensimycin

oD _
600 539 | methyl ester (2-56)
‘ —a&— Compound 2-57

0.20 +
Carbenicillin

0.10 + |

0.00 4 A VIEEVEEEVENLVIE N
000 001 010  1.00 10.00 100.00 1000.00

concentration/ pg-mL*
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Cc

0.60 —+

0.50 —+ : \ Oxazinidinyl platensimycin (2-30)
ODg, 040 L » —8— Oxazinidinyl platensimycin

+ pe methyl ester (2-56)
0.30 +
I —a— Compound 2-57
0.20 +
Carbenicillin
0.10 —+
0.00 ; A e P

000 001 0.0 1.00  10.00 100.00 1000.00
concentration/ pg-mL*

Figure 6-6. MIC determination for platensimycin analogs againsSajgureusb) S.

agalactiaeand c)B. subtilis

In Chapter 3, each of the strainsRHcillus subtilis(3160) andescherichia coli
K12 (1655) were grown in Luria Broth. The strains were diluted to 2 xfldmL and 98
uL was added to AL of diluted compounds or known antibacterial agent (FAS inhibitors:
platensimycin or cerulenin) at the indicated concentration irrides®é-well plate. When
MDR inhibitor Phe-Argp-naphthylamide dihydrochloride (BBAD) was added, 97L
bacterial broth, 2L antibacterial solution anddL MDR inhibitor solution was mixed in
each well of a 96-well plate. The plates were shaken for 24 hoGi&°C. The minimum
inhibitory concentration (MIC) was determined as the lowest coratemtrat which no
bacteria were observed to grow as determined bypOBIl experiments were performed
in triplicate. The MIC testing against MRSA and VRE strawveye done by Accugen

Laboratories and AntiMicrobial Test Laboratories.
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6.7.2 Enzymatic assays

Alg44, RocR, and WspR were purified by histidine chromatography feliiolay
Q-sepharose anion exchange column. Proteins were dialyzed into a Toisn&D0 mM
NacCl solution.o-*?P-c-di-GMP was generated from purified WspR as describeddet_e
al.’s previous report [225]. For binding assay of Alg44, 5 uM protein wiasdrwith 1
UM 0-*?P-c-di-GMP and indicated competitor (c-di-GMP or endo-S-c-diFGNh a
buffer containing 10 mM Tris (pH 8.0), 100 mM KCI, and 5 mM Mgdlhis mixture
was allowed to equilibrate for 10 min. The binding assay was awhlyzag pulldown
assay with Ni-NTA agarose beads [225]. For RocR and WspR eneyasatays, 5 uM
enzyme was added to 8 ni**P-c-di-GMP (for RocR) or 8 nM-**P-GTP (for WspR)
and 1 mM of the indicated competitor in reaction buffer (10 mM pHs8.0, 100 mM
NaCl, 5 mM MgC}). 1 pL of sample were spotted on polyethyleneimine cellulose TLC
plates at indicated times after addition of the enzyme. Samwelesdried and separated
using a mobile phase consisting of 1: 1.5 of saturated,)¢SBy and 1.5 M KHPO,.
TLC plates were dried, exposed on a phosphorimager screen andzesualth a

Fujifilm FLA-7000.
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Appendix |. Kinetic study of the epimerization reaction

Assuming the reaction pathway is as describegtcimemeS1

0 (olS) o)
N Ky N ky X
DBU + DBUH* + DBU +
,,,,, _OBn ki (., OBn K2 _OBn
cis-2-34 (A) (M) trans-2-34 (B)

Scheme S1Proposed mechanism for DBU catalyzed epimerization of bis-alRe3d)(

d[DBUH "]

at =k,[DBU][Al-k ,[DBUH"][M "1-k,[DBUH"][M "]+k ,[DBU][B]

From theSteady State Approximating% =0

Thus,[DBUH*][M]:[DBU]% (S3

The kinetic equation of B ig% =k,[DBUH"][M "]-k ,[DBU][B]

Substitute Eq. S3 into the above equation:

d[B]

el St kZ[DBU] kl[A] + k—Z[B] _
dt

k ,[DBU][B] (S4)

—l+ 2
At the equilibrium point (> 1380 min),
Let [B], = &([Al+[B]) = ¢[Al,, s0,[Al, = A=)[Al,.

Substitute into Eq. S4,

@ =O=k2[DBU] kl[A]oo+k—2[B]oo

-k _,[DBU][B
ql - L[DBUI[B],
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Thus, k Kk , =kk, % (SH

SubstituteEq. S5 intdeq. S4,

d[B k, k 1
4B pBu) %2 (1a, - Lm)
dt k,+k, &
Let K = [DBU]&
k., +k,
So, the kinetic equation of B becomess % =K[A], —?[B]
Using the initial condition[B],_, =0,
[B]=¢[Al, (1-e""%) (SO
TransformEg. S6into: 1- [B] :—Et
A, ¢
: . [B] K
Take logarithm on both sidebi(1- )=——-t (S7)
S[AL 4

[BI

A plot of In(1- AA ) versug gives:& = 0.447 (R = 0.987) Figure S

0
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t/mn

In (1-B/£Ao) =-0.0032t - 0.1115
R’ = 0.9866

In(1-B/ € A)

Figure S1.The scatter plot and the trend Iineln(l—%) overt.
0

k. k .
Thus,—22— = 024L-mol™* -min™*
L +K,

Consider 70% conversion towards the equilibriuen,[ B],q, = 0.7x [ A],,
K :
Then:t,,= —gln 03=374min~6h (SY

Thus, 70 % of the equilibrium is reached in 6 h.
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Appendix Il. Reaction conditions for dynamic ring-closing metathesis

Dynamic ring-closing metathesis (DRCM) was performed bynlwning the
ruthenium catalyst and an epimerization base in the same fldsér ®an Hoveyda-
Grubbs Il catalyst, two other ruthenium catalysts, Grubbs | andlSr Il catalyst
(Figure S2, were also screened. In the case of Grubbs | catalystaobore occurred
with the bis-alkene substra?e-34and the starting material was recovered. For Grubbs II
catalyst, the yield of the reaction (23 %) was significardlydr than the reaction that
was catalyzed by Hoveyda-Grubbs Il catalyst (69 %). Sagmf side products (a

complicated mixture) were also obtained when Grubbs Il catalyst wasSeehie Sp

CHs /\ HsC CHs [\ HeC

Y S s CUTIT & diois SN
| «Cl HaC CHJ/I-QC CHz HsC CHq/e,C CHs
Ru
cl”

3

Ru—=,
o \d | Ph WCl WCl

=\ Ru=
P(Cy)s | Ph 7| b
P(Cy)s 0o
Grubbs | catalyst HC—
CHs

Grubbs Il catalyst
Cy = cyclohexyl Hoveyda-Grubbs Il catalyst

Figure S2.The structures of Grubbs I, Grubbs Il and Hoveyda-Grubbs Il catalyst.

9 Grubbs Il cat. 3mol% x 5 Q
DBU 30%, toluene, 110°C
\ + complicated mixture
__\—0Bn “—0Bn
| cis-2-34: trans-2-34 = 1: 3.5] 23%

Scheme S2The unsuccessful ring-closing metathesis reactions that \ataklyzed by
Grubbs | and Grubbs Il catalyst. Reaction condition: 0.08i$%P—-34 trans2-34 (1:
3.5), 16 h.
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The rate-limiting step of the dynamic ring-closing metathésee Section 2.2.2)
is the DBU catalyzed epimerization, with an apparent rate qurst®.24 M'min™ (see
Appendix 1). Since the ruthenium catalyst is deactivated over itinthe presence of
alkenes [283,284]t{», ~ 1 h under the experiment condition), the catalyst needs to be
repeatedly added every other 3 h during the slow epimerization prd¥essnvisaged
that a base with better epimerization ability would reduce theig of the ruthenium
catalyst. Ideally, if the epimerization equilibrium can be rapidtached before the
catalyst is deactivated, the ruthenium catalyst can be adddw dieginning of the
reaction (one time loading). Therefore we screened other amdhalkoxide bases for
the epimerization ability and the compatibility with Hoveyda-Grubdbsatalyst Table
S1). The epimerization reaction was performed with 30 mol% ofouaribases and a
mixture ofcis-2—34 trans2-34(1: 5.7) at 75 °CTo test the compatibility of the bases
and the ruthenium catalyst, a simpler bis-alkene, diallyl dimeikiginate was used with
3 mol% Hoveyda-Grubbs catalyst and 30 mol% indicated base. No ringelpsoduct
can form if the ruthenium catalyst is poison&tt{eme S Among all the amine bases
that are screened, 1,5,7-triazabicyclo[4.4.0]dec-5-ene, solid-supported anzhguhaise
DBU (entry 7, 9 and 4Table SJ1 had the best epimerization abilities. In the case of
1,5,7-triazabicyclo[4.4.0]dec-5-ene, the epimerization reaction wasficagtly more
rapid than the reactions catalyzed by other bases, and th&omeabtmost reaches
equilibrium after 1 h (at equilibriungis-2—34 trans-2—-34 = 1.0: 1.2 in toluene). This
amine, however, poisons the Hoveyda-Grubbs Il catalyst, and isfoflegneot ideal for
DRCM. Most of the amines or imines bearing an N—-H moiety wereampatible with

the ruthenium catalyst. Bulky tertiary amines, such as Hunige fentry 2,Table SJ)
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and DBU are therefore most ideal for DRCM because they canegpéanketone
substrates and do not readily poison the ruthenium catalyst. Sugly;id©t-Bu (entry
10, Table SJ) was also compatible with Hoveyda-Grubbs Il catalyst in psuleent,t-

BuOH, and the epimerization ability was similar to DBU (entry 4 aficaBle SJ).

Table S1 Epimerization of keton@—34 by various bases (the initial mixture of 2—-34

consisted of 1: 5.@is. trang)

0 0
X DBU X\,
,,,,, _0Bn v, -OBN

cis-2-34 trans-2-34
cis-2-34:

Entry Bases trans.2—34%
1 E&N 1.0: 5.5
2 Et(-PrpN 1.0:5.1
3 [Nj 1.0:5.5

H
4 Qﬁ 1.0: 4.9

5 Q/j 1.0:5.2

6 C/I\j 1.0:5.6

7 CNA\Q 1.0:1.4
H

NH
8 \NJLN/ 1.0:5.4
SO|Id support- )
9 DBUPP 1.0: 4.2
10 KOx-Bu'® 1.0;: 4.2
11 (no base) 1.0:5.7

[a] The reaction condition for the epimerization reaction: 30 mol%g laad 0.05 Mis-
2-34 trans2-34 (1: 5.7) was heated at 75 °C in (&H),; [b] the concentration of

substrate was 0.20 M; [c] the reaction was performedBinOH.

169



To test if the various bases irable S1 can poison the ruthenium catalyst, a
model reaction%cheme SBon a small scale was performed and monitored by TLC. In
the absence of any added amine base, the reaction proceedatptetion, as judged by
the disappearance of starting material and the appearance oflactprinitial TLC
screening indicated that in the presence OfNEtHUnig's base, 7-methyl-1,5,7-
triazabicyclo[4.4.0]dec-5-ene , solid-support DBU andt48D (entries 1, 2, 6, 9 and 10
in Table SJ), the starting material was mostly consumed after 1 h, anprtiteict band
appeared on the TLC. For the bases DBU (solution phase) and 2,3,4,6,7,8-
hexahydropyrrolo[1,&]pyrimidine (entries 4 and 5 ihable S1), some starting material
remained after 1 h, therefore we conclude that these two basedlyparhibited the
ruthenium catalyst. For bases morpholine, 1,5,7-triazabicyclo[4.4.0]dee-5and
N,N,N’,N‘tetramethylguanidine (entries 3, 7 and 8Table S1), no product band was
observed and the starting material band remained on TLC after henefdre, we

conclude that these bases poisoned the catalyst.

// Hoveyda-Grubbs Il cat.
MeO,C various bases, 75 'C, 1h  Me0O,C ><j‘

--------------------- >

MeOZC \ MeO,C

Scheme S3Determination of which bases are compatible with the ruthenium catalyst.
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Appendix Ill. Introduction on pulsed gradient spin echo for DOSY expeiment

DOSY (iffusion OrderedSpectroscoly) experiment is a NMR technique based
on Pulsed Gradient Spin Echo (PGSE), a method for measuring translational diffusion
rate of each component in a mixture of various aggregates [S&3EPNMR is
commonly used to determine the size of oligomerization of biomokedolequeous
solution [358].

In the magnetic spin vector model, the magnetization vector ofatbms
precesses (Larmor precession) when they are applied a mafigletidBecause a 90°
radiofrequency (RF) pulse is applied, the magnetization precession rodatethé z-axis
to the x-y plane [359]. When a linear gradient field is applidgd @bng the z-axis of the
NMR tube in DOSY experiment (G in a duration®fFigure S33, the magnetic field
strength of each point along the z-axis is different fromatiers [359]; therefore the
precession angles of the magnetization vecfyr Kigure S3g are shown as linear
distribution along the z-axigF(gure S3h S39. After a period of time X), a second
magnetic gradient field is applied to offset the previoustyegated precession (the
precession is on a opposite direction due to the 180° RF pulsEjgsge S39. If no
translational diffusion occurs along the z-axis, the precessmomgletely cancelled out;
therefore a maximum echo signal is obtainedjre S3b). However, if the translation
diffusion occurs, the spin precession cannot offset; therefore, ter the diffusion, the

poorer the spins are refocused and the smaller the echo signal is obtained [359].
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80" RF 180° RF
rm': é F“;if acquisition
! ! | | Echo signal
e e il
, i
E‘.‘
ti fi+-lS
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Figure S3.a) ThePulsedGradientSpin Echo (PGS pulse sequence. G is the ampliti
of the pulsed gradient (in duratid), A is the interval between two pulsed gradie

Also shown are the magne.
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Appendix IV. NMR, IR spectra and HPLC chromatography
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HPLC chromatography
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Compound 3-10(the peaks are broadened possibly due to the protonation of the amino group)
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Compound 3-11(the peaks are broadened possibly due to the protonation of the amino group)
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(-)-Homo-myrtemycin (3—18)
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(-)-Myrtamycin (3—-20)
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HPLC chromatography
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